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Introduction 


The  Symposium  on  Optoelectronics  (SIOEL)  is  a  series  of  international  conferences 
dedicated  to  the  optoelectronics  field.  Held  each  year  in  Bucharest,  the  symposium 
summons  engineers,  physicists,  and  researchers  from  Romania  and  abroad  who  have 
contributed  to  the  development  of  optoelectronics. 

The  aim  of  this  sixth  symposium  was  to  share  and  promote  the  progress  achieved  in 
optoelectronics  in  recent  years.  These  achievements  have  had  a  significant  impact  on 
microtechnologies,  information  technology,  automation  of  industrial  processes, 
measuring  and  control  equipments,  miniaturizing,  etc.  There  is  practically  no  industry 
that  has  not  benefited  from  the  results  of  research  in  optoelectronics. 

This  yearthe  symposium  covered  various  topics  including,  but  not  limited  to,  materials 
for  optoelectronics,  lasers  and  their  applications,  optoelectronic  components, 
technologies  in  optoelectronics,  optoelectronic  devices,  optoelectronics  in  medicine, 
and  analytical  instrumentation. 

The  SIOEL  '99  Scientific  Committee  selected  for  presentation  1 65  papers  submitted  by 
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ABSTRACT 

We  have  demonstrated  InGaAsP/AlGaAs  double  hised  1.5  jim  multiple  wavelength  vertical  cavity  lasers  and  arrays  in 
which  element  definition  is  obtained  by  localized  fusion.  Laser  elements  emit  in  continuous  wave  under  electrical  and 
optical  pumping.  Multiple  wavelength  single  element  VCSELs  have  been  fabricated  in  the  same  batch  taking  advantage  of 
layer  thickness  nonuniformity  of  InGaAsP/InP  material  close  to  the  edge  of  the  wafer.  To  obtain  multiple  wavelength 
arrays  a  controllable  cavity  length  variation  using  anodic  oxidation  has  been  performed.  The  wavelength  span  in  an  8x1 
laser  array  is  10  nm.  Single  mode  operation  with  more  than  of  40  dB  side  mode  suppression  ratio  is  characteristic  for  laser 
elements  in  the  array. 

INTRODUCTION 

Recent  developments  in  the  field  of  1.5  pm-wavelength  vertical  cavity  surface  emitting  lasers  (VCSELs)  show  considerable 
progress  in  improving  operation  characteristics  and  manufacturability  of  both  electrically  pumped  and  optically  pumped 
devices*'*^.  Maximum  operating  temperature  of  electrically  pumped  VCSELs  in  excess  of  70  C^  and  novel  simplified 
fabrication  techniques  based  on  double  fused^*^,  single  fused^’^  and  all-grown^*  1.5  pm  VCSEL  structures  demonstrate  that 
present  fabrication  technologies  have  the  potential  to  produce  low  cost,  uncooled  light  sources  for  fiber  optic  networks.  On 
the  other  hand,  continuous  wavelength  tuning  over  50  nm,  very  recently  obtained  on  microelectromecanical  optically 
pumped  VCSELs^  targets  the  important  market  of  wavelength  division  multiplexed  (WDM)  communication  systems. 

So  far  all  published  results  in  this  field  refer  to  single  element  devices  emitting  at  a  given  wavelength  and  in  the  literature 
there  are  no  reports  on  1.5  pm  VCSEL  arrays  fabrication.  Yet,  multiple  wavelength  1.5  pm  VCSELs  and  VCSEL  arrays 
could  be  also  attractive  for  WDM  applications,  especially  in  low  cost  local  and  metropolitan  WDM  networks. 

In  this  paper  we  demonstrate  multiple  wavelengA  1.5  pm  VCSELs  and  monolithic  arrays  fabricated  using  the  localized 
wafer  fusion  technique^. 

FABRICATION  APPROACH 

We  are  using  the  double  wafer  fusion  to  assemble  the  VCSEL  structure  which  consists  of  an  InGaAsP/InP  active  cavity 
material  sandwiched  between  two  (top  and  bottom)  AlGaAs/GaAs  distributed  Bragg  reflectors  (DBRs).  Element  definition 
(electrical  and  optical  lateral  confinement)  is  obtained  in-situ  by  localized  fusion  of  one  of  the  AlGaAs/GaAs  wafers  to  the 
InGaAsP/InP  active  cavity  material.  This  approach  is  different  from  the  traditional  one**^’"*  which  is  based  on  lateral 
Al(Ga)As  wet  oxidation  (See  Fig.  1)  and  offers  a  number  of  advantages  which  are  described  elsewhere^.  In  the  new 
approach  the  size  of  VCSEL  elements  is  defined  by  the  size  of  the  mesa  etched  on  the  GaAs-based  wafer  before  performing 
the  localized  hision.  Thus  VCSEL  elements  with  the  aperture  of  5  pm  and  less  can  be  reproducibly  defined  with  a  very 
good  uniformity  on  the  wafer,  which  we  believe  is  another  advantage  compared  with  the  traditional  method  of  element 
definition  by  lateral  Al(Ga)As  oxidation. 

Precise  aperture  definition  is  important  both  for  wavelength  control  and  reproducibility  of  single  mode  operation  and  of  all 
other  parameters  of  VCSEL  elements. 

In  this  study  we  have  used  InGaAsP/InP  active  cavity  material,  p-,  n-  type  and  undoped  AlGaAs/GaAs  DBRs  -  all  grown 
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Fig.  1,  a)  traditional  and  b)  localized  fusion  approach  to  element 
definition  (electrical  and  optical  lateral  confinement)  in  VCSELs 


by  metal  organic  chemical  vapor  deposition  (MOCVD) 
at  650°C.  InGaAsP/InP  material  is  grown  with  a  constant 
group  V  elements  composition  throughout  the  structure 
and  has  an  optical  thickness  of  3/2  lambda.  It  includes  a 
strain  compensated  6  quantum  well  structure  with  1% 
compressive  strain  in  the  wells  and  0.8  %  tensile  strain  in 
the  barriers.  The  peak  of  the  photoluminescence 
spectrum  is  at  1550  nm.  N-AlGaAs/GaAs  DBRs  with 
either  abrupt  or  graded  AlGaAs/GaAs  interfaces  are 
uniformly  doped  at  about  lO^^cm^.  For  p-DBRs  it  is 
important  to  have  graded  AlGaAs/GaAs  interfaces  and  a 
special  doping  scheme  in  order  to  obtain  acceptable 
optical  and  electrical  properties. 

Before  assembling  the  double  fused  structure  we 
carefully  measure  the  reflectivity  spectra  of  the  VCSEL 
components.  Fig.  2  shows  some  typical  results  of 
InGaAsP/InP  active  cavity  material  and  n-  and  p- 
AlGaAs/GaAs  DBR  reflectivity  measurements. 
Reflectivity  spectrum  of  InGaAsP/InP  material  has  a 
maximum  indicating  the  position  of  the  cavity  mode. 
AlGaAs/GaAs  DBRs  are  measured  using  a  high 
resolution  multiple  reflections  method'®.  Typically  99.8 
%  and  99.7  %  reflectivity  values  are  obtained  on  n-  and 
p-  type  DBRs,  respectively.  Optical  absorption  values  of 
p-DBRs  are  in  the  range  of  30-50  cm '  and  are  about  5 
times  higher  than  respective  values  of  n-DBRs. 


Wavelength,  nm 


In  the  first  fusion  process  the  structured  p-DBR  is  fiised  to  the 
active  cavity  material  at  650'’C  using  the  wafer  fusion  technique 
described  in  Refill.  Before  performing  the  second  fusion  we 
selectively  etch  the  InP  wafer  and  measure  the  photoluminescence 
of  the  fused  structure.  Compared  with  InGaAs/InP  multiquantum 
well  material  used  in  our  previous  work,  which  was  grown  at  low 
temperature  (below  500°C)  by  chemical  beam  epitaxy  (CBE)"  and 
gas  source  molecular  beam  epitaxy  (GSMBE)^,  the  present  material 
grown  by  MOCVD  at  650°C  does  not  show  any  post-diffusion 
degradation.  After  the  second  fusion  process  we  selectively  etch  one 
of  the  GaAs  substrates  and  deposit  n-  and  p-ohmic  contacts  on  those 
structures  that  are  designed  for  electrical  pumping. 


Fig.  2.  Typical  results  of  InGaAsP/InP  active 
cavity  material,  n-  and  p-  AlGaAs/GaAs  DBRs 
reflectivity  measurements. 

ELECTRICALLY  PUMPED  MULTIPLE  WAVELENGTH  SINGLE¬ 
ELEMENT  1.5  liiin  VCSELS. 

To  obtain  multiple  wavelength  1.5  pm  optical  communication  lasers,  which  at  present  are 
mostly  distributed  feedback  (DEB)  edge  emitting  lasers  diodes,  the  common  approach  is 
to  change  the  grating  pitch  that  defines  the  emitting  wavelength.  For  example,  to  obtain 
laser  diodes  with  8  different  wavelengths  it  is  necessary  to  process  8  different  wafere  and 
slightly  changing  the  grating  pitch  on  each  wafer.  In  the  case  of  VCSELs  it  is  possible  to 
obtain  multiple  wavelength  devices  on  the  same  wafer  by  taking  advantage  of  layer 
thiVVnf^fi  nonuniformity  which  translates  into  nonuniformity  of  cavity  len^.  This  is 
normally  the  case  when  using  material  close  to  the  edge  of  the  wafer.  Fig.  3  shows 
spectral  characteristics  of  8  VCSELs  with  an  aperture  of  5  pm  taken  from  the  same  batch 
of  devices.  These  devices  operate  in  continuous  wave  at  room  temperature  and  have 
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Fig.  3.  Spectral  characteristics  of  8 
VCSELs  taken  ftom  the  same 
batch  of  devices. 


3 


1623  1525  1527 


different  wavelength  values  in  the  range  1520-1530  nin.  Threshold  current  of  these 
devices  increases  from  3  mA  to  7  mA  with  decreasing  wavelength  because  of 
increasing  detuning  between  the  maximum  of  gain  spectrum  and  cavity  mode.  Typical 
high  resolution  spectrum  of  a  VCSEL  (Fig.4)  shows  that  emission  consists  of  a 
dominant  mode  with  side-mode  suppression  ratio  of  about  30  dB. 

OPTICALLY  PUMPED  MULTIPLE  WAVELENGTH  VCSEL  ARRAYS 

As  in  our  previous  1.5  pm  single  element  devices,  we  are  using  double  fused 
InGaAsP/AlGaAs  structures  in  which  element  definition  is  obtained  by  localized 
wafer  fusion.  InGaAsP/InP  material  is  taken  from  the  central  part  of  the  wafer  where 
layer  thickness  is  constant.  To 


Wavelength,  nm 

Fig.4.  Typical  high  resolution 
spectrum  of  an  electrically 
Pumped  VCSEL 


produce  a  controllable  cavity  length 
variation  in  neighboring  elements  we 
perform  a  precise  mesa  «trmmiing» 
using  anodic  oxidation  as 
schematically  shown  in  Fig.  5. 


In  this  structure  the  top  and  bottom  AlGaAs/GaAs  DBRs  are  undoped  and 
comprise  35  pairs  of  AlGaAs  (70%  AlAs)  and  GaAs  quarter-wavelength 
layers  with  the  Bragg  wavelength  centered  at  1.53  pm.  Fabrication 
process  starts  with  etching  on  one  AlGaAs/GaAs  DBR  5  pm  diameter 
mesas  with  250  pm  spacing  through  the  top  GaAs  quarter-wavelength 
layer.  This  is  followed  by  precise  mesa  etching  applying  photolithography 
and  anodic  oxidation  steps  using  a  technique  similar  to  that  described  in 
Ref.  12.  This  allows  us  to  obtain  sets  of  8x1  mesas  with  different  heights 
within  about  20  nm.  After  the  second  fusion  one  of  the  GaAs  wafers  is 
selectively  etched  and  the  double  fused  structure  is  cleaved  into  linear 
arrays  of  8x1  elements.  These  arrays  have  been  tested  by  optical  pumping 
using  standard  980  nm  pump  laser  diodes.  Lasing  is  obtained  only  when 
the  pumping  light  illuminates  the  double  fused  structure  in  the  mesa 
region.  Fig.  6  shows  the  measured  wavelength  distribution  in  one  of  the 
8x1  arrays.  The  wavelength  span  is  10  nm.  All  laser  elements  operate 
under  continuous  optical  pumping.  Fig.  7  depicts  the  emission  spectrum 
of  an  element  in  the  center  of  the  array  measured  at  3  mW  optical 
pumping  level.  Single  mode  emission  with  side  mode  suppression  ratio  in 
excess  of  40  dB  is  obtained. 


Top  DBR 
AlGaAs/GaAs 

Cavity 

InGaAsP/InP 

Bottom  DBR 
AlGaAs/GaAs 
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Fig.  5.  Schematic  of  the  VCSEL  array  structure  with 
pixels  obtained  by  localized  fusion.  Precise  mesa 
«trimming»  using  anodic  oxidation  was  performed  on 
the  top  DBR  to  produce  a  controllable  cavity  length 
variation. 

Lower  part  of  the  figure  shows  effective  cavity 
thickness  vs.  pixel  position 


Pixel  position,  mm 

Fig.  6.  Pumping  scheme  and  lasing  wavelength  distribution  in  a  8x1 
array. 


Wavelenath.  nm 

Fig.  7.  Emission  spectrum  of  the 
center  element  in  the  array  measured 
at  3  mW  optical  pumping  level. 


CONCLUSION 


We  have  demonstrated  InGaAsP/AlGaAs  double-fused  1.5  jim  multiple  wavelength  vertical  cavity  lasers  and  arrays  in 
which  element  definition  is  obtained  by  localized  fusion.  Laser  elements  emit  in  continuous  wave  under  electrical  and 
optical  pumping.  Multiple  wavelength  single  element  VCSELs  have  been  fabricated  in  the  same  batch  taking  advantage  of 
layer  thickness  nonuniformity  of  InGaAsP/InP  material  close  to  the  edge  of  the  wafer.  To  obtain  multiple  wavelength 
arrays  a  controllable  cavity  length  variation  using  anodic  oxidation  has  been  performed.  The  wavelength  span  in  a  8x1  laser 
array  is  10  nm.  Single  mode  operation  with  more  than  40  dB  side  mode  suppression  ratio  is  characteristic  for  the  laser 
elements  in  the  array. 
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ABSTRACT 

A  new  calibration  ftee  procedure  (CF-LIPS)  for  quantitative  elemental  analysis  of  material,  based  on  Laser  Induced  Plasma 
Spectroscopy  technique,  has  been  developed  and  patented  by  the  Pulsed  Laser  Spectroscopy  Group  at  IFAM/CNR  (Pisa). 
Tliis  procedure  allows  for  fest  and  reliable  quantitative  analysis  of  materials  in  solid,  liquid  or  gaseous  phase.  Precision  of 
order  of  a  few  parts  percent  can  be  obtained  for  all  the  elements  in  the  sample,  with  typical  sensitivities  of  one  part  per 
million  (ppm)  or  better.  Major  constituents,  trace  elements  and  impurities  are  all  measured  in  the  same  run.  The  two  major 
advantages  of  the  CF-LIPS  technique,  compared  with  conventional  chemical  analysis  methods,  are  the  independence  on 
sample  pretreatment  and  calibration  curves.  The  problems  related  to  the  so  called  ‘matrix  effect’,  which  produces  a  lack  of 
linearity  in  emission  spectra,  are  completely  overcame  by  the  application  of  this  standardless  analytical  procedure,  which  is 
based  on  the  measure  of  the  relevant  physical  quantity  characterizing  the  plasma.  These  features  make  CF-LIPS  an  eligible 
method  for  on  line  elemental  analysis  or  in  field  quantitative  measurements.  In  fact,  CF-LIPS  is  the  only  existing  technique 
which  gives  precise  quantitative  results,  comparable  with  laboratory  chemical  analysis,  in  real  time  and  in  situ.  The 
comparatively  low  cost  of  the  system,  along  with  its  intrinsic  speed  and  ease  of  use,  will  probably  help,  in  next  few  years,  a 
further  difiusion  of  the  Cahbration-ffee  LIPS  technique  for  material  analysis,  environmental  protection  and  Cultural 
Heritage  conservation  and  study. 

Keywords:  LIBS,  laser,  spectroscopy,  material  analysis,  enviromnental  protection,  cultural  heritage 

1.  INTRODUCTION 

The  &st  ^^lications  of  Laser  Induced  Plasma  Spectroscopy  (LIPS)  for  material  analysis  have  been  proposed  in  the  ea^ 
SO’s^"^.  Since  then,  many  LIPS-based  diagnostic  systems  have  been  developed  for  research  and  industrial  applications^  , 
taking  advantage  of  the  intrinsic  characteristics  of  this  technique,  such  as  quickness,  sensitivity  and  feasibility  of  in  situ 
measurements.  In  particular,  LIPS  has  been  extensively  used  as  a  reliable  analysis  technique  for  trace  element  detection  in 
atmosphere^  ^  as  well  as  in  liquid  effluents^  or  in  metallic  alloys^ Aj^lications  to  Cultural  Heritage  conservation  and 
stiKfy  have  been  also  proposed'^"* 

LIPS  is  a  fest  and  essentially  non-destructive  diagnostic  method,  based  on  the  analysis  of  the  spectral  emission  of  the 
plasma  produced  by  focusing  an  intense  laser  beam  on  the  sample  to  be  investigated.  Typical  temperatures  and  electron 
densities  in  the  induced  plasma  can  reach  several  eV  and  10^^  electrons/cm^.  After  irradiation,  the  de-excitation  of  the  atoms 
and  ions  in  the  focal  spot  produces  characteristic  emission  lines;  the  spectral  region  of  interest  for  LIPS  analysis  is  typically 
in  the  200-800nm  range. 

The  LIPS  technique  doesn’t  require  sample  preparation  and  can  be  applied  on  samples  of  arbitrary  shapes  in  solid,  liquid  or 
gaseous  state.  One  of  the  principal  advantages  of  this  technique  is  its  independence  from  laser  source  wavelength:  the 
plasma  formation  process  in  fact  is  mainly  related  to  the  hi^  energy  of  the  laser  pulse.  The  measuring  time  is  very  short 
(seconds);  moreover,  with  the  use  of  new  spectral  detection  systems  (Echelle  spectrometers)  a  fest  mapping  of  the  sample 
surfece,  when  required,  can  be  performed  in  a  short  time.  The  dynamic  range  of  LIPS  technique  is  also  remarkably  wide:  the 


*  Correspondence:  E-mail:  WWW:  htto/Avww.ifain.Di.cnr.it/libs.htm.  Tel:  +39  050  3139007 

Fax: +39  050  3139036 
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tftrhniqiiR  gives  simultaneously  information  about  elements  with  concentrations  tanging  from  100  %  down  to  parts  per 
million. 

In  last  years,  several  works  have  studied  the  possibility  of  LIPS  application  to  quantitative  elemental  analysis  of  materials, 
by  comparing  the  LIPS  signal  obtained  for  a  ^ven  element  to  a  suitable  calibration  cutve'®"^.  However,  the  LIPS  signal 
emitted  by  the  same  element  depends  on  the  matrix  in  which  it  is  embedded^'^'*;  this  ‘matrix  effect’  leads  to  the  necessity  of 
many  calibration  curves,  in  pincipie  one  for  any  substrate  composition.  In  case  of  samples  of  unknown  composition,  this 
would  lead  to  the  paradoxical  need  for  an  exact  knowledge  of  the  sample  composition  in  order  to  build  the  proper 
calibration  curve  required  for  the  measurement.  This  pdblem  has  been  studied  in  recent  papers  by  Xu  et  al.”  and  Chaleard 
et  al.^,  where  two  different  approaches  have  been  suggested  in  order  to  alleviate  the  matrix  effect  in  LIPS  analysis. 

However,  at  pesent  time,  no  exhaustive  appoach  has  been  su^ested  which  is  able  to  completely  overcome  this  problem. 
In  prarti<^l  situations^  the  use  of  empmci  caliteation  curves  mi^  be  useful  for  measurements  of  the  concentration  of  a 
ringlp;  specie  in  a  well  defined  matrix*'*^;  however,  this  pocedure  would  be  inappopiate  in  more  complex  cases,  such  as 
multi-elemental  analysis  in  a  priori  unknown  environments. 

Hopefully,  the  basic  jAiysics  of  the  laser  induced  plasma  pocess  allows  us  to  build  up  a  measuremeP  protocol  which  is  not 
affected  by  the  above  mentioned  effects.  Assuming  that  some  simple  conditions  are  verified,  a  quantitative  analysis  of  the 
atomic  species  constituting  the  sample  is  possible,  without  cahbration  curves.  This  cahbration-frre  pocedure,  apdicable  to 
solids,  liquids,  particulate  and  gaseous  samples,  will  be  described  in  the  next  sectiom 


2.  DESCRIPTION  OF  THE  PROCEDURE 


Preliminary  data  processing 

The  cahbration-fiee  pocedure  requires  all  the  atomic  components  of  a  sample  to  be  detected  by  measuring  ^  least  one  of 
their  characteristic  spectral  lines.  Therefore,  an  unknown  samjde  should  be  investigated  in  detail  by  recording  the  whole 
spectrum  within  the  sensitivity  range  of  the  spectral  detector  (2000  to  8000  A,  typically). 

The  spectral  signal  collected  by  the  detector  is  stored  on  a  computer  and  the  data  are  pocessed  using  a  dedicated 
programme  developed  at  EFAM-CNR. 

Working  hypothesis  •  i„  u 

In  order  to  develop  a  calibration-fi«e  measurement  protocol  we  should  make  some  reasonable  assumptions,  concemmg  both 
the  experimental  way  of  opration  and  the  theoretical  repesentation  of  the  plasma  conditions. 

First  of  all,  we  will  assume  that  the  plasma  composition  is  repesentative  of  the  actual  material  compsition  prior  of  the 
ablation  (this  is  the  basic  assumption  for  application  of  LIPS  techmque,  which  is  well  realized  in  the  range  of  the  laser 
enerpes  used  in  LIPS  experiments).  Moreover,  we  assume  thatin  flie  actual  temporal  and  spatial  observation  window,  the 
ptagma  is  in  Local  Thermal  Equilibrium  (LTE)  condition  and  the  radiation  source  is  optically  thin  (this  hjpthesis  is  in 
general  in  LIPS  ejqjeriments,  where  the  main  ionization  pocess  is  poduced  through  impact  excitation  by  thermal 

electrons). 

Althou^  these  requirements  mi^  seem  strong,  exprimental  results  obtained  in  our  laboratory  showed  that  flie  poplation 
of  the  excited  atomic  levels  (with  typical  energy  between  3  eV  and  8  eV)  obeys  to  a  Boltzmann  distributira.  This  is  a  good  a 
posteriori  HpmnngtTatinn  that  tire  plasma  poduced  is  close  to  LTE  conditions.  In  norm^  LIPS  oprating  conditions,  the 
assunqjtion  of  optically  thin  fdasma  is  fulfilled  for  trace  elements,  while  in  a  few  cases  it  may  become  critical  for  inte^ 
resonance  lines  of  the  primary  compnents.  The  self-absorption  effect  can  be  theoretically  modeled,  and  a  forthcoming 
p^r  will  be  published  by  the  authors  on  this  topic.  At  the  moment,  our  analysis  will  consider  only  the  spectral  lines  that 
are  not  self-al^rbed. 

In  LTE  apxoximation ,  the  line  integral  intensity  correspnding  to  the  transition  between  two  levels  Ek  and  Ei  of  an  atomic 
specie  s  can  be  expressed  as: 
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where  X  is  the  wavelength  of  the  transition,  Ng  is  the  number  density  (particle/cm^)  of  the  emitting  atoms  for  each  specie, 
is  the  transition  p’obability  for  the  given  line,  gk  is  the  k  level  degeneracy,  Kb  the  Boltzmann  constant,  T  the  plasma 
temperature  and  Us(T)  is  the  partition  fimction  for  the  emitting  specie  at  the  plasma  temperature.  The  emitted  intensity  is 
expressed  in  photons/(sec*cm  ),  In  actual  measurements,  the  efficiency  of  the  collecting  system  affects  as  a  scale  factor  the 
measured  intensity  of  die  line,  so  that  we  can  write: 


/f  =FC  A 


gk^ 
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where  represents  the  measured  integral  line  intensity,  Cs  is  the  concentration  of  the  emitting  atomic  specie  and  F  is  an 

experimental  parameter  which  takes  into  account  the  optical  efficiency  of  the  collection  system  as  well  as  the  plasma 
density  and  volume. 


In  eq.(2),  the  line  integral  intensity  is  the  result  of  LIPS  measurement,  the  spectroscopic  parameters  Ajd,  g^^  Ek  can  be 

retrieved  from  spectral  databases  (in  our  case  we  got  the  relevant  information  from  the  NIST  Database  for  Atomic 
Spectroscopy),  and  the  F,  Cs,  T  values  have  to  be  determined  from  the  experimental  data.  The  partition  fimction  of  each 
specie  can  be  calculated  from  the  spectroscopic  data,  once  the  plasma  temperature  is  known. 

Let  us  now  define  the  following  quantities: 


y  =  ln  ^ 


m-  — 


UAT) 


(3) 


Taking  the  loganthm  of  eq.(2)  and  substituting  the  above  definitions,  we  obtain  the  following  relationship  between  the  x  and 
y  parameters: 


y  =  mx^q^  (4) 

The  two-dimenrional  space  identified  by  the  above  defined  x  and  y  co-ordinates  is  called  Boltzmann  plane.  We  can  write  a 
similar  relation  for  each  species  in  the  plasma. 

Using  the  definitions  of  eq.(3),  we  can  represent  each  experimental  LIPS  line  as  a  point  in  the  Boltzmann  plane.  Thus,  the 
entire  data  set  of  line  intensity  can  be  graphically  represented  as  a  Boltzmann  ploP,  where  the  different  points  lie  on  several 
parallel  straight  lines,  with  slope  m  and  intercept  Qs,  each  one  corresponding  to  a  different  atomic  specie. 

According  to  eq.(4),  the  slope  m  of  the  plots  is  related  to  the  plasma  temperature,  while  the  intercept  Qs  is  proportional  to  the 
logarithm  of  the  specie  concentratioa 

Let  us  assume  that  experimental  data  are  available  for  each  specie  present  in  the  plasma,  that  is,  in  our  experimental 
conditions,  for  both  the  neutral  and  ionized  species  of  each  atomic  element.  In  principle,  with  the  hypothesis  of  LTE,  after 
(klermination  of  the  plasma  temperature,  the  concentration  of  a  specie  can  be  obtained  from  the  measurement  of  just  one 
experimental  line.  However,  because  of  the  rather  large  imcertainties  existing  in  the  hterature  on  the  Ajd  coefficients,  a 
precise  concentration  measure  must  be  obtained  using  several  spectral  lines  at  different  energies.  Then,  the  F  factor  can  be 
determined  by  normalizing  to  unit  the  species  concentration  C^: 
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Finally  the  concentration  of  all  the  atontic  species  of  the  sample  can  be  obtained  as: 

c 

■  F 

where  all  the  fectors  are  known.  The  concentration  value  determined  by  eq.(6)  refers  to  one  specie;  in  order  to  obtain  the 
<»)pmpntal  composition,  it  is  sufficient  to  add  the  values  corresponding  to  the  neutral  and  single  ionised  species  of  the  same 
element,  i.e.  the  total  concentration  for  a  given  element  M  is  ^ven  by: 

fTOT  f-.  (7) 

3.  SOME  APPLICATIONS  OF  THE  CF-LIPS  PROCEDURE 

The  new  CF-LIPS  method  developed  at  IF  AM  is  proposed  as  a  viable  alternative  to  the  tradition^  analytical  procedui^ 
(AAS,  ICP).  A  number  of  plications  have  already  been  suggested:  as  an  example,  automatic  control  in  industriM 
processes  or  monitoring  of  polluted  soils  can  be  mentioned.  The  technique  has  already  been  tested  at  IFAM  on  polluted 
soils,  yielding  excellent  results  with  respect  to  measurement  quickness  (a  few  seconds),  sensitivity  (1  ppm),  peasion 
(around  1  %),  possibility  of  in  situ  operation,  chepess.  The  technique  has  also  been  allied  in  the  field  of  Cultural 
Heritage  conservation  for  determining  analytical  composition  of  pigments,  ancient  bronze  (fojects  and  ceramic  ^azes. 

3.1  Experimental  setup 

The  CF-LIPS  experimental  setup  is  analogous  to  the  ajpaiatus  required  for  a  traditional  LIPS  mrasurement  The 
eprimental  prototype  for  LIPS  analysis,  operating  since  several  years  at  IFAM-CNR  Institute  in  Pisa  ,  is  sketched  m 

Fig.  1. 


Fig.1  Experimental  CF-LIPS  setup 


The  p-ototype  uses  a  Quanta  System  Q-switched  Nd-Yag  laser  (Handy  lOlE),  delivering  ^ut  600  mJ  at  1064  nm  in  7ns 
pulses,  at  a  maximum  repetition  rate  of  lOHz,  for  generating  a  micro-plasma  at  the  sample  surfece.  The  laser  beam  is 
focused  on  the  sample  by  a  lens  of  20  cm  focal  length.  The  light  emitted  by  the  sample  is  collected  using  an  optical  system 
and  then  sent  throu^  an  optical  fibre  to  a  Mechelle  7500  spectrometer  by  Multichannel  Instruments  AB,  The  spectrometer 
acquisition  is  triggered  a  couple  of  microseconds  after  the  laser  pulse,  in  order  to  reduce  the  contribution  of  the  continuum 
Brehmsstrahlung  radiation  to  the  LIPS  signal.  In  typical  experimental  conditions  we  use  a  gate  width  of  about  1  ps,  which 
allows  to  obtain  a  good  LIPS  signal  in  a  regime  where  space  and  time  variations  of  plasma  parameters  are  almost  negligible. 
The  resulting  LIPS  spectrum  is  analyzed  by  computer  using  specialized  software  developed  at  IFAM.  The  tagging  of  a  peak 
to  an  atomic  species  is  performed  by  means  of  the  comparison  with  the  set  of  wavelength  and  intensity  data  available  on  the 
NIST  electronic  database  (NIST  DB  38).  The  data  set  corresponding  to  the  different  lines  observed  are  then  represented  as  a 
Boltzmann  plot,  from  which  the  plasma  temperature  and  the  species  concentration  are  determined 


3*  2  Applications 

The  [H-ocedure  here  proposed  can  be  applied  for  the  analysis  of  solid,  liquid  and  gaseous  samples.  A  few  results  are 
described  in  the  following  as  an  example  of  different  fields  of  application  which  could  get  benefits  from  the  features  of  CF- 
LIPS  technique. 

Environmental  Protection:  Quantitative  Analysis  of  Heavy  Metals  in  Off  Stack  Emissions  from  Power  Plants 
At  present  time,  the  concentration  of  metals  coming  from  stack  emissions  is  measured  by  off-line  analysis  of  samples 
extracted  at  the  chimney.  The  low  quantity  of  solid  emissions  requires  long  sampling  periods  and  errors  can  easily  occur; 
moreover,  the  monitoring  of  volatile  compounds,  like  mercury,  are  more  difficult.  It  is  thus  evident  the  usefulness  of  an 
instrument  able  to  perform  continuous  monitoring  of  metal  emissions  from  industrial  plants^^^. 

The  field  measurements  have  been  carried  out  on  a  150  MW  oil-fired  power  plant  Smoke  temperature  was  about  150  °C, 
with  a  solid  particulate  volume  fi:action  of  about  10“*. 

The  laser  beam  was  focused  into  the  flue  duct  1^  means  of  an  optical  system;  the  UV-visible  light  emitted  by  the  plasma 
was  collected  on  axis  and  focused  through  a  small  lens  onto  a  fiber  optic,  which  transmitted  the  light  to  the  entrance  slit  of 
the  spectrometer.  No  optical  windows  were  needed  since  the  plant  was  operating  at  low  pressure. 

Before  starting  the  measurements  inside  the  duct,  a  number  of  acquisitions  outside  the  duct  were  performed  in  order  to 
evaluate  the  background  signal  and  to  be  sure  that  the  spectral  lines  detected  were  in  fact  emitted  1^  metals  present  in  the 
smokes.  Fig.2  shows  the  quantitative  analysis  of  atmospheric  air,  it’s  clear  that  the  CF-LIPS  results  are  in  very  good 
agreement  with  the  known  elemental  composition  of  the  atmosphere. 


Ar  c  N  O  H 


Fig.  2  LIPS  quantitative  analytical  results  for  clean  air,  compared  with  the  known  composition.  For  what  concerns  the  hydrogen  (from 
H2O)  and  carbon  (from  CO2)  reference  concentration,  average  values  are  used  corresponding  to  a  typical  atmosphere  composition. 
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The  analysis  of  the  spectra  taken  in  the  flue  duct  shows  that  many  metallic  elements  are  cleariy  identifiable  in  the  power 
plant  smokes;  among  them  it’s  worth  to  mention  Ni,  V,  Ti,  Mg,  Fe. 

The  Figs.  3a-3c  shows  some  experimental  LIPS  spectra  resulting  from  the  averaging  of  250  laser  pulses  in  the  centre  of  the 
flue  duct. 


Wavelength  [A] 


Fig.  3  a)  E5q)erimental  LIPS  spectrum  showing  characteristic  lines  of  Mg,  Ti  and  V 
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Material  Analysis:  Determination  of  Gold  caratage  of  precious  dloys 

The  problem  of  determining  the  composition  of  precious  alloys  is  particularly  important  for  jewel  manufac^rs  and  their 
sutmliers  of  the  raw  materials.  In  fact,  the  manufacturing  process,  in  compliance  with  domestic  and  mternatio^ 
regulations,  requires  a  careful  quality  control  and  certification  of  the  pxxiucts  which,  up  to  now,  can  only^  actawed  ^ 
application  of  the  traditional  “Fire  assay”  method.  This  kind  of  analysis,  though  very  accurate  (around  0.01  /o  in  gold 
concentration  determination)  is  essentially  destructive  and  requires  a  number  of  critical  measuring  stages  -  mcludmg 
weighing  of  the  sample  up  to  fifth  decimal  digit,  acid  attack  of  the  sample  and  successive  weighing  of  the  gold  residual  - 
and  can  be  performed,  therefore,  only  by  hi^y  skilled  operators. 

In  recent  years  the  need  for  fast  determination  of  precious  alloys  composition  stimulated  the  proposals  of  diflFerent 
alternative  techniques  for  caratage  determination,  among  which  the  following  are  worth  mentioning:  Atomic  Abrorption 
Spectrometry  (AAS),  Inductively  Coupled  Plasma-Atomic  Emission  Spectrometry  aCP-AE),  Inductively  Coupled  Pte^ 
Mass  Spectrometry  (ICP-MS),  Neutron  Activation  Analysis  (NAA)  and  X-Ray  Fluorescence  Spectrometry  (XRF) 
techniques. 

However  it’s  common  opinion  that  none  of  these  techniques  can  be  considered,  at  p:esert  time,  ^  a  valid  altemtive  to  toe 
“Fire  asay”  method.  In  particular,  toe  only  non-destractive  technique  (XRF)  gives  information  exclusively  arout  toe 
composition  of  the  sample  surfaces  (about  2  pm  penetration  depth)  and  is  therefore  very  limited  in  its  appUcatiom. 
Moreover,  all  toe  above  mentioned  techniques  require  a  calibration  of  toe  tystem  with  a  reference  sample  of 
composition;  unfortunately,  toe  composition  of  precious  alloys  may  greatly  vary  in  fimction,  for  example,  of  toe  desired 
colour  or  of  their  ttoysical  and  mechanical  properties.  On  toe  contrary,  toe  CF-LIPS  technique  does  not  require  any  a  pnon 
knowledge  of  toe  samjie  composition,  and  thus  it  seems  to  be  toe  ideal  solution  to  toe  problem  of  caratage  determination  of 

precious  alloys. 

In  order  to  test  toe  accuracy  of  the  CF-LIPS  technique,  we  analyzed  five  precious  aUoy  samples,  in  toe  form  rf  iro^^ 
foils  of  about  10mm  x  10mm  x  O.Srrun,  corresponding  to  gold  concentrations  ranging  from  200/1000  ^  to  “ 

weight.  Four  of  them  were  ternary  alloys  (Au,  Ag  and  Cu)  and  one  was  a  quaternary  alloy  (Au,  Ag  and  Cu  with  addition  ot 

palladium). 

The  correlation  between  CF-LIPS  determined  gold  caratage  and  toe  nominal  caratage  is  shown  in  Fig.  5.  It  toould  te  not^ 
that  toe  standard  deviation  of  the  CF-LIPS  determined  caratage  from  toe  ‘perfect  correlation’  lure  is  about  O^o;  ^ 
accuracy  of  toe  CF-LIPS  measurements  thus  lies  in  toe  same  range  as  that  of  ‘Fire  assay’  technique.  Moreover  toe 
analy^  oves  almost  identical  results  for  toe  ternary  and  quaternary  alloy  (both  samples  correspond  to  toe  same  gold 
concentration  of  750/1000  in  weight);  toe  matrix  effect  does  not  affect,  thus,  toe  accuracy  of  CF-LIK  me^emente.  It  s 
intftrtMrfing  to  Compare  these  results  with  those  obtained  from  toe  same  experimental  data  by  usmg  toe  conventioim 
caUbration  technique,  ie.  taking  toe  2676  A  Au  line  intensity  of  a  pure  gold  sample  as  a  calibration  reference  (see  insert  m 
Fig.  5) 
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Fig.5  Conespondmce  between  nominal  and  CF-LIPS  measured  gold  caratage.  In  the  insert  are  reported  the  same 

data  obtained  using  standard  calibration. 
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It  is  clear  from  the  figure  that  in  this  case  the  scattering  of  the  experimental  data  with  respect  to  the  perfect  correlation  line 
is  very  high,  and  the  data  corresponding  to  the  same  gold  caratage  for  ternary  and  quaternary  alloys  do  not  coincide  at  all. 
These  results  reinforce  our  considerations  on  the  difficulty  of  overcoming  the  matrix  effect  problems  with  conventional 
analysis  techniques  on  unknown  samfdes. 

Cultural  Heritage  conservation  and  study:  Analysis  of  Ancient  Bronze  Samples 

In  orckr  to  vahdate  the  use  of  Cahbration-free  LIPS  technique  for  ancient  metallic  alloys  analysis,  we  performed  a  detailed 
comparison  of  the  results  obtained  at  IF  AM  laboratory  with  the  results  supplied  by  other  established  techniques.  Several 
bronze  samides  were  analysed  using  CF-LIPS,  whose  composition  had  alread|y  been  measured  by  means  of  a  series  of  well 
known  analytical  technique:  AAS  (Atomic  Absorption  Spectroscopy),  ICP  (Inductively  Coupled  Plasma),  EPMA  (Electron 
Probe  Micro  Analysis),  XRF  (X«Ray  Fluorescence),  SEM  (Scanning  Electron  Microscopy),  PIXE  (Particle  Induced  X-Ray 
Emission). 


The  samples  to  be  investigated  included  a  set  of  bronze  alloys  prepared  on  purpose  and  two  ancient  samples  from  bronze 
artworks:  the  first  coming  from  the  “Stories  from  the  life  of  Jacob  and  Esau”  (panel  from  the  eastern  door,  author  Lorenzo 
Ghiberti,  1425-52,  Baptistry,  Florence)  and  the  second  from  ‘Ttoubting  Thomas”  (author  Andrea  del  Verrocchio,  1476-83 
from  Qrsanmichele,  Florence).  The  major  components  of  the  prepared  alloys  were  copper,  tin  and  lead;  two  samples  were 
also  prep&red  adding  a  small  percentage  of  zmc.  The  compared  results  are  reported  in  figure  6.  The  composition  measured 
by  the  different  techmques  was  obtained  by  normalising  to  100  the  sum  of  the  major  elements  concentration.  The  labels 
identifying  the  sanq>les  are  derived  from^^. 


Fig.  6  Comparison  of  elemental  composition  of  the  bronze  samples,  obtained  using  different  techniques 

It  is  clear  from  the  figures  that  the  CF-LIPS  techmque  gives  results  in  a  very  good  agreement  with  the  results  of  the  other 
techmques.  Moreover,  these  results  have  been  obtained  without  any  previous  knowledge  of  the  nature  of  the  sample  (CF- 
LIPS  is  a  ‘blind’  techmque  -  in  other  words,  the  information  that  the  analysed  sample  is  a  bronze  alloy  is  not  used  for 
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obtaining  the  quantitative  determination  of  the  elemental  composition  of  the  alloy  itself),  without  pre-treatment  of  the 
sample,  in  a  few  minutes. 

For  what  concerns  the  two  historical  samples,  with  CF-LIPS  it  was  possible  to  obtain,  with  the  same  measurement,  both  the 
major  and  minor  components  concentration  in  the  alloy.  The  results  are  shown  in  Fig.  7,  compared  with  the  results  of  the 
other  techniques. 


Fig.  7  Comparison  of  elemental  composition  of  the  “St.Thomas”  and  ‘Torta  del  Paradiso”  bronze  samples,  obtained 

using  different  techniques 

Considering  that  the  errors  on  the  minor  components  concentration  can  be  rather  hi^  the  results  of  CF-LIPS  are 
comparable  in  precision  with  the  results  obtained  with  the  other  techniques. 

4.  CONCLUSION 

The  Pulsed  Laser  Spectroscopy  Group  at  Istituto  di  Fisica  Atomica  e  Molecolare  (Pisa)  has  recently  developed  and  Rented 
an  innovative  LIPS-based  self-calibrated  analytical  procedure,  called  Calibration-Free  LIPS  (CF-LIPS).  CF-LIPS  is  a  fa^ 
and  essentially  non-destructive  diagnostic  method,  and  can  be  applied  on  samples  of  arbitrary  shapes.  The  principle  of  this 
technique  relies  in  determining  sample  composition  by  means  of  the  spectral  analysis  of  the  emission  of  the  jdasma 
produced  by  an  intense  laser  beam  focused  on  the  sample  surface,  without  need  for  c^bration  curves  or  reference  samples. 
Using  the  proposed  calibration-free  procedure,  precise  quantitative  results  can  be  obtained  in  a  few  minutes  without  need  of 
reference  samples.  Both  majority  components  and  trace  elements  (down  to  concentrations  of  order  of  1  ppm)  can  be 

simultaneously  measured.  ^  1, 

The  application  of  this  new  measurement  protocol  allows  to  overcome  the  so  called  ‘matnx  effect ,  which  has  been  up  to 
now  the  major  obstacle  to  practical  LIPS  applications  to  multi-elemental  quantitative  analysis  The  improvement  in  the 
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analytical  p'ocedure  achieved  Ity  means  of  this  algorithm  makes  the  CF-LBPS  technique  paiticulariy  useful  for  field 

measurement,  in  which  the  material  composition  is  in  principle  unknown. 
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ABSTRACT 

Mixed  valence  ion  doped  polymers  are  potential  materials  for  the  real  time  holography.  We  review  the  intimate  mechamsms 
imposing  suitable  optical  properties  in  Fe;PVA  stressing  on  the  main  role  played  by  the  Fe  ions.  Under  the  UV  expose, 
both  the  refiactive  index  and  the  absorption  coefficient  are  changing  due  to  a  local  electron  tr^sfer  from  the  PVA  matrix  to 
jjje  pe^  ions.  The  absorption  coefficient  proved  to  be  dependent  on  a  new-formed  low  spin  Fe  state  whereas  the  refractive 
index  is  related  to  the  total  content  of  the  high  spin  Fe^^  state.  The  diffraction  efficiency  data  me  explained  in  terms  of  the 
Pg2+^g3+  Additional  data  concerning  the  electron  transfer  in  Sn:PVA  thin  films  are  also  discussed. 

1.  INTRODUCTION 

Polymer  are  of  growing  interest  for  the  optical  data  processing  technologies.  There  me  potential  appUcatioris  as 

permanent  and  transient  data  storage  materials  or  as  basic  materials  for  the  fabrication  of  the  active  and  passive  light  guides. 
The  metal  ion  doped  polymers  represent  a  new  class  of  organic  materials  for  non-linem  optics.  Among  mch  materials,  the 
ferric  chloride  doped  polyvinyl  alcohol  (Fe:PVA)  and  the  dichromate  polyvinyl  alcohol  (DCPVA)  are  suitable  for  real  time 
holography  in  the  UV  range.  In  spite  of  a  very  good  diffraction  efficiency  (mound  80  %),  they  present  a  quite  low 
sensitivity  (10  J.cm'^  for  FerPVA  and  2  J.cm'^  for  DCPVA 

In  order  to  find  new  materials  with  improved  properties  it  was  necessary  to  find  out  the  electronic  mechamsms  involved  in 
the  optical  behavior.  Therefore  the  optical  data  obtained  by  absorption  or  m-line  spectro^r^y  were  related  to  those  obt^ed 
by  the  powerful  tool  of  the  Mossbauer  spectroscopy.  Consequently  such  studies  me  limited  only  to  materials  containing 
usual  Mossbauer  isotopes.  Fortunately  Fe  is  one  of  them  and  this  is  the  reason  we  started  the  stiidy  on  the  FerPVA  thin 
films  In  the  following  there  is  evidence  for  the  main  role  played  by  the  iron  ions  in  the  microscopic  m^hamsm  rela^  to 
the  real  rimp  recording  process.  The  mechanism  consisting  in  an  electron  transfer  from  the  PVA  matrix  to  the  iron  ion  is 
explained  in  detail  starting  from  the  correlation  of  the  optical  and  Mossbauer  data.  The  experimental  diffiraction  efficiency 
behavior  was  successful  described  with  om  proposed  mechanism.  The  studies  are  extended  to  the  SnrPVA  thin  films,  where 
another  type  of  electron  transition  take  place,  with  a  lower  probabiUty  than  for  the  Fe:PVA 

2.  EXPERIMENTAL 

The  Fe:PVA  and  Sn:PVA  solutions  were  obtained  starting  from  ferric  chloride  or  tin  chloride  and  a  pure  solution  of  PVA 
dissolved  in  water*’^.  The  PVA  -water  mixtme  was  initially  warmed  at  30-40  °C  and  finally  brought  to  70  °C  for  more  than 
30  miniitpc  in  order  to  achieve  homogeneity.  Three  solution  of  PVA  in  water  were  prepmed  (5  %,  8  %  and  11  %  wt  of 
PVA).  Four  Fe:PVA  ratios  were  considered  (1  %,  2  %,4  %,  6  %wt  of  FeCl3  ,  denoted  in  the  following  as  1  %,  2  %,  4  %, 
6  %wt  Fe).  Four  other  equivalent  solutions  of  FerPVA  with  the  same  iron  concentrations  were  prepared  starting  from  FeCb- 
Only  a  solution  4  %wt  Sn  in  5  %wt  PVA  was  prepared. 
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Tab.  1  The  investigated  systems 


Code 

%wt  FeCls 

%wLFeCl2 

%wt  SnCl2 

%\vtPVA 

Thickness  (pm) 

1A3-PVA 

- 

- 

- 

5, 8,11 

30-50 

1,2,4-5-oa 

1,2,4 

- 

- 

5 

1-2 

1,2,4-8-oa 

1,2,4 

- 

- 

8 

1-2 

1,2,4-!  1-oa 

1,2,4 

- 

- 

11 

1-2 

Fe-HI-ml 

0,1, 2, 4, 6 

- 

- 

11 

4-6 

Fe-n-ml 

- 

0,1, 2, 4, 6 

- 

11 

4-6 

6-ll.ml 

6 

- 

1 

11 

4-6 

1,2,4-5-ms 

1,2,4 

- 

' 

'  5 

30-50 

1,2,4-8-ms 

1,2,4 

- 

8 

30-50 

1,2,4-11 -ms 

1,2,4 

- 

.. 

11 

30-50 

SI 

4 

- 

- 

8 

30-50 

sn 

6 

- 

- 

8 

30-50 

sm 

6 

- 

- 

11 

30-50 

SIV 

- 

- 

4 

5 

10-20 

For  the  Mossbauer  measurements,  the  polymer  films  were  obtained  by  gravity  deposition  on  glass  plates,  the  films  thickness 
being  between  20  and  50pm.  The  absorption  spectra  obtained  on  such  thick  samples^  are  saturated  below  450nm, 
evidencing  only  a  strong  absorption  between  250  and  450nm.  In  order  to  obtain  the  band  structure  in  this  domain,  new 
thinner  films  (1-2  pm  thickness,  depending  on  the  preparation  conditions)  were  deposed  by  spin  coating  method.  For  the  m- 
line  spectroscopy  measurements  of  the  refraction  index,  thin  films  with  intermediate  thickness  (4-6pm)  were  obtained 
spin  coating  method  too,  starting  from  both  the  Fe^/PVA  and  Fe^/PVA  solutions.  The  reference  films  obtained  from  the 
solutions  of  PVA  in  water  were  also  prepared.  The  thinner  films  seem  to  be  dried  in  few  hours  after  deposition,  while  the 
thicker  ones  in  few  da}/^.  All  the  investigated  systems  are  presented  in  Tab.  1.  Films  from  few  selected  series  were  sutgect  to 
various  exposure  energies.  The  UV  exposure  was  performed  with  a  photo-resist  illuminator  for  UV  light  (300  nm  <  <  500 
nm)  of  about  25  mW*cm  ^  intensity  on  the  film  surface.  The  exposure  time  was  extended  up  to  60  minutes. 


2.0 


1.5 


abs(a,u.) 


■  after  5  days 
after  15  days 


250.00,  350.00, 


X.  (nm) 

— I — « — I — I — I _ .1 I 

450.00,  550.00.  650.00.  750.00. 


250.00,  300.00,  350.00,  400.00,  450.00,  500.00,  550.00, 


Fig.  1  The  optical  absorption  spectra  of  the  PVA  (8wt%)  thick  film  Fig.  2  The  absorption  spectra  obtained  on  the  1,2,4-8-oa  series 

For  the  optical  measurements  the  FetPVA  films  have  remained  coated  on  the  glass  slides.  The  absorption  spectra  were 
recorded  with  a  standard  SHIMADZU  UV-VIS  Spectrometer,  with  an  identical  glass  slide  in  the  reference  beam.  For  the 
Mossbauer  measurements  the  FeiPVA  films  have  been  scraped  from  the  sUdes  and  stacked  into  a  suitable  holder.  A 
conventional  Mossbauer  set-up  in  transmission  geometry  with  symmetrical  waveform  and  the  sample  placed  in  a  standard 
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exchange  gas  lype  cryostat  was  used  The  m-line  spectroscopy  measurements  were  recorded  with  laboratory-made  set-up, 

using  the  inism  coupling  technique  and  a  He-Ne  laser. 

3.  RESULTS  AND  DISCUSSION 


3.1.  The  main  role  played  by  the  iron  neighborhoods  in  the  optical  absorption 


Fig.  3  The  room  temperature  Mossbauer  spectra  for  the 
1,2,4-8-ms  series 

f2  %  wt  Fetal.  4  %  wt  Fetbl.  6  %  wt  Fetcll 


The  ojAical  absorption  spectrum  obtained  on  a  thick  PVA  film 
(2-PVA)  is  presented  in  Fig.  1.  Two  absorption  regions  ^qreared  after 
more  than  5  dt^s,  when  the  absorption  properties  become  stables. 
As  {ffeviously  mentioned  the  absorption  spectra  obtained  on  Fe;PVA 
films  with  such  a  thickness  are  saturated  and  hence  the  necessity  for 
preparing  much  thinner  films.  The  absor  ption  spectra  obtained  on  the 
1,2,4-8-oa  series  (Fig.2)  evidence  also  2  absorption  peaks  superposed 
on  the  peaks  diown  by  the  PVA  films. 

The  riata  suggest  new  excited  levels  introduced  in  the  PVA 
absorption  band  by  the  Fe  ions.  A  strong  evi^nce  for  this  can  te 
obtained  by  corroborating  the  rqitical  data  with  the  Mossbauer  ones  . 

The  room  temperature  Mossbauer  spectra  (see  Fig.  3,  for  the  1,2,4-8- 
ms  series)  consist  in  an  asymmetrical  teoad  doublet,  generally  well 
evidenced  for  low  iron  content.  At  hi^er  iron  amtent,  a  structured 
central  pattern  can  be  underlined  stressing  finally  a  siqrerposition  of 
two  Mossbauer  lines.  Consequently,  all  the  room  temperature 
Mossbauer  spectra  were  fitted  with  a  broad  singlet  together  with  a 
broad  doublet  (Fig.  3)  each  pattern  being  attributed  to  a  specific  iron 
configuratioa  Their  hyperfine  parameters  stand  for  Fe  ions. 
Because  both  the  optical  absorption  and  Mossbauer  spectra  can  be 
decomposed  in  two  pattens  and  taking  into  account  that  firom  the 
Mossbauer  spectroscopy  these  correspond  to  two  iron  mean 
pggitinns^  it  results  that  the  absorption  peaks  migte  be  correlated  to 
the  same  iron  positions.  An  increased  contribution  of  the  second 
absorption  peak  (at  hi^er  wavelengths)  vs.  the  iron  content,  as  well 
as  of  the  singlet  pattern  in  the  Mossbauer  spectra,  are  evirfenced  by 
comparing  the  Figs.  2  and  3.  In  terms  of  the  above  assumption,  the 
Mossbauer  singlet  and  the  second  absorption  peak  has  to  correspond 
to  the  same  iron  position.  The  ratio  between  the  areas  of  the  two 
components  is  expressed  function  on  tire  iron  content  ni  and  nn  on 
each  position  for  both  type  of  measurements'*: 


ROpt  ^ 


niPi  , 


( K  ^ 

i 

(1) 


In  the  above  relations,  “P”  refers  to  the  absorption  prdsability  on  the  excited  electron  levels  assoaated 

Dosition  and  “r  to  the  Ddjye-Waller  fector  of  the  iron  positioa  Considering  the  ratio  of  the  absorption  probab^tira  ^ 

Ddjye-Waller  fectors  on  the  two  iron  positions  are  not  changing  at  two  i  and  i+1  iron  consecutive  concentrations  (e.g  m 

and  2-8  films),  the  following  theoretical  relation  is  valid  for  R  m,  i = R  w  /  R  i 

^  _1 
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The  experimental  results  produced  the  R  ratios  which  showed  a  7  %  range  between  the  values  obtamed  fiom  the  optical 
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data  and  Mossbauer  data  respectively'*.  The  good  agreement  between  these  data  confirm  the  initial  assumption  that  the 
absorption  spectra  are  strongly  correlated  with  the  two  Fe^  positions. 


Fig.  4  The  absorption  spectra  obtained  on  the 
ly2,4-8-oa  series 


3.2.  The  effect  of  the  UV  light  e^qmsure 
In  order  to  stui^  the  mechanisms  involved  in  the 
holographic  recording  process,  a  6-11-ml  with 
suitable  thickness  for  both  optical  absorption  and  m- 
line  spectroscopy,  was  exposed  to  UV  light  up  to  10 
miiL  After  different  exposure  times  the  absorption 
spectra  and  the  refractive  index  were  measured.  The 
absorption  spectra  are  shown  in  Fig.  4.  The  two 
alreacfy  known  bands  at  wavelengths  less  than  450  nm 
that  are  decreasing  with  the  exposure  time.  Besides 
them  we  have  noticed  new  bands  between  500  to 
700  nm. 

We  took  as  a  quantitative  parameter,  describing  the 
absorption  in  the  reconstruction  wavelength  range,  the 
value  of  the  absorption  coefficient  at  the  mflyimnin 
intensity  for  the  most  representative  -6l0nm  peak- 
noted  in  the  following  as  Abs(610mn).  The 
dependencies  of  the  Abs(610rmi)  and  of  the  refractive 
index  vs.  the  e^qxjsure  time  are  presented  m  the  Figs.  5 
and  6.  The  absorption  coefficient  in  the  reconstruction 
wavelength  range  increases  and  the  refractive  index 
decreases  vs.  the  exposure  energy.  Moreover,  after  a 
300s  exposure,  the  absorption  coefficient  continue  to 
increase  whereas  the  refractive  index  reach  his 
stationary  value.  Consequently,  the  refractive  index 
has  a  hi^er  sensitivity.  The  microscopic  influence  of 
the  UV  exposure  was  analyzed  by  Mossbauer 
spectroscopy.  Thicker  films  from  the  SEI  series  (with 
identical  composition  as  for  6-1 1-ml)  were  exposed  to 
different  time  and  afterworld  measured  by  Mossbauer 
spectroscopy.  The  spectra  are  presented  in  Fig.  7. 


Fig.  5  The  dependencies  of  the  refractive  index  (648mn)  vs.  the  Fig.  6  The  dependencies  of  the  Abs  (610nm)  vs.  the  e^qwsure  time 

exposure  time  for  the  same  film  as  in  Fig.  4  for  the  same  film  as  in  Fig.  4 
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Supplementaiy  doublets  with  hi^er  quadnipole  splitting  (around 
3  mnLs"*)  appeared  in  the  spectra  of  the  exposed  samples.  Taking  into 
account  their  typical  hyperfine  parameters,  the  new  pattern  can  be 
indubitable  assigned  to  Fe^  species  in  high  spin  (HS)  configuration.  The 
m^m  microscopic  effect  of  the  UV  exposure  is  an  electronic  transfer 
from  the  PVA  matrix  to  the  Fe  ions.  The  content  in  Fe^  ions  is 
dependent  on  the  exposure  energy  (or  time).  Both  the  djsorption  and  the 
refractive  index  variation  have  to  be  related  to  this  electronic  transition. 

As  an  important  point,  the  decrease  in  the  intensity  of  the  absorption 
bands  bellow  400nm  has  to  be  correlated  with  the  relative  decrease  of 
the  Fe^  content  under  the  UV  exposure,  as  we  previously  shown.  The 
electron  transition  can  be  und^ood  related  to  the  local  Fe-PVA 
complex  forming  a  donor-acceptor  ^stem,  with  the  Fe  ions  behaving  as 
acceptors. 

3.3.  A  proposed  electronic  mechanism  for  the  optical  absorption  in 
the  reconstruction  wavelength 

In  Fig.  8,  we  present  as  an  exemplification,  the  evolution  of  the 
Abs(610mn)  vs.  the  e2qx)sure  time  on  films  firom  the  series  SII  and  SHI. 
On  the  other  hand,  the  evolutions  of  the  Fe^  relative  content  vs.  the 
exposure  time/energy  are  diown  for  all  the  three  senes  in  Fig.9. 
Oomparing  the  two  curves  corresponding  to  the  SHI  series  it  is  notice 
that  after  2500s  of  exposure,  the  absorption  coefficient  is  strongly 
increasing  whereas  the  Fe^^  content  becomes  quite  saturated. 

Such  discrepancies  suggest  the  absorption  in  the  recording  range  is  not 
directly  connected  with  the  total  content  of  the  HS  Fe^^  phase.  A 
hyperfine  parameter  very  sensitive  to  the  electronic  distribution  around 
the  iron  atoms  is  the  isomer  shift. 

A  surprising  result  was  obtained  1^  plotting  the  singlet  associated  isomer 
shift  in  the  Mossbauer  spectra  vs.  the  exposure  energy  (Fig.  10).  The 
dependencies  are  quite  similar  to  the  ones  corresponding  to  Abs(610nm), 
inferring  a  direct  connection  with  iron  phases  described  by  sin^et 
pattern.  The  isomer  shift  values  suggest  hi^  spin  Fe^,  low  spin  (LS) 
Fe^  and  low  spin  (LS)  Fe^^  as  rising  the  singlet  In  a  detailed  discussion 
presented  in  ref.^,  it  was  shown  that  the  decrease  of  the  isomer  shift 
might  be  due  to  the  balance  between  the  phases  rising  the  singlet  pattern 
under  the  UV  exposure,  namely  due  to  the  formation  of  the  new  LS  Fe^ 
on  the  account  of  the  initial  LS  Fe^.  It  is  worth  noticing  that  following 
the  exposure,  the  new  formed  low  spin  Fe^  phase  is  in  a  metastable 
excited  state  according  to  a  relaxation  time  of  tenth  of  minutes,  as  it  can 


Flg.7  Mossbauer  spectra  for  Sin  series 
(identical  composition  as  for  6-1  l-ml)  vs.  the 
exposure  time:  a)  and  b),c),d),  e)  for  unexposed 
and  re^)ectively  exposed  for 
400s,  800s,  1500s  2500s. 


be  observed  from  Fig.  11. 


3.4.  The  refractive  index  variation 

The  saturation  of  both  the  refractive  index  (Fig.5)  and  the  HS  Fe 
content,  p,  (Fig.  9,  Sm  curve)  vs.  the  exposure  energy  suggest  a  direct 
relation  l^tween  these  two  parameters.  In  order  to  p*ove  the  above 
mentioned  connection  thin  films  of  the  Fe-HI-ml  (obtained  starting  fi-om  FeCU)  and  Fe-n-ml  (obtained  starting  Irom  FeCh) 
series  were  measured  using  m-line  spectroscopy.  The  dependencies  of  the  refiractive  indices  ys.  the  Fe  content  are  presented 
in  Fig  12  One  observes  that  beginning  with  an  iron  content  of  4  %wt,  the  refractive  indices  are  in  the  Fe  :PVA  films 
sensible  lower  than  in  the  Fe^rPVA  ones.  These  results  support  the  hypothesis  that  the  refiacUve  index  decreases  by  the 
partial  reduction  of  the  metal  ions  via  electron  transfer  from  the  PVA  matrix. 
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Rg.  8  The  Abs(61Qnm)  vs.  the  e2qx)sure  time  for  the  Sn  and  sin 
series. 


Fig.  9  The  Fe^"^  relative  content  vs.  the  exposure  energy  for  aU  the 
three  series 


Fig.  10  The  isomer  shift  for  the  Mossbauer  singlet  vs.  the  exposure 
time  fertile  SO  and  Sm  series. 


Fig.  11  The  absorption  qiectra  of  thick  films  (exposed  2500  s)  of 
Fe:PVA  (SHI  series)  measured  after  various  time. 


3.5.  Fe:FVA  as  phase  hologram  recording  material 

It  is  known  that  for  a  "phase  hologram”,  the  diffraction  efficiency  can  be  expressed  as 


Xcosia) 

where:  t  is  the  film  thickness,  X  is  the  reconstruction  wavelength,  2a  is  the  inter-beams  angle  during  the  recording  irocess, 
An  is  the  diSerence  between  the  maximum  and  the  minimum  value  of  the  refractive  index  and  rjmax  is  the  maximnin  value  of 
the  diffiaction  efficiency  for  the  storage  material.  The  following  mechanism  explaining  the  diffiaction  efficiency  is 
considered  (see  section  3.4) 


Exposure  , —  ^  Change  of  the  ^  change  of  the  change  of  the 

gpgrgy _ Fe^/Fe^  ratio _ refractive  index _ diffraction  efficiency 
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Fig.  12  The  dependencies  of  the  refractive  indices  vs  the  Fe  content 

In  feet  fee  difference  of  fee  refractive  indices  introduced  by  UV  exposure  can  not  be  directly  measured  on  fee  holographic 
media  using  fee  m-line  spectroscopy  due  to  fee  hi#  film  thickness  (40-60fun)  which  produre  strong  oveifeping  mottes. 
Fortunately,  all  these  thinloifags  are  suitable  for  Mossbauer  measurements  giving  fee  fiaction  of  fee  Fe  pha%.  The 
refiactive  index  of  an  e}^x)sed  FetPVA  thin  film,  npePVAj  will  be  considered  as  a  linear  combination  of  fee  refiactive  initexes 

of  fee  two  species  simultaneously  contained^’^; 

^  ~  ~  Py^Fe^rVA  P^Fe^FVA  (4) 

where  />  is  fee  fiaction  of  Fe^  phase  formed  under  UV  exposure.  The  refiactive  indices  for  fee  pure  Fe^rPVA  and 
Fe^:PVA  (suf^xised  as  on  the  film  thickness)  can  be  obtained  from  m-line  measurements  on  thin  films. 


Fig.  13  The  numerical  dependencies  of  fee  difiSaction  efficiency  vs.  fee  ejqxisure  energy 

Starting  from  relations  (3)  and  (4)  fee  diffiaction  efficiency  vs.  the  eiqiosure  oiergy  may  be  estimated  for  all  fee  SI,  Sn  arid 
Sin  ggnnple  where  Mossbauer  data  on  fee  p  fiaction  are  available.  Taddng  into  account  that  fee  unexposed  films  contam 

only  the  Fe®^  ^lecies,  relation  (3)  can  be  eiqiressed  fimetion  on  fee  p  fiaction  as 

where  k  is  a  constant  parameter,  d^nding  on  fee  experimoital  set-iqi  and  fee  recording  material  pnperties. 
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Jr  —  ^  P^Fe‘^^:PVA^ 

K  — 

Acosa 

The  numerical  calculations  of  the  difiBraction  eflBciency  vs.  the  exposure  energy  for  all  the  analyzed  series  are  presented  in 
Fig.  13  (a=  20®,  X=647mn  as  in  ref.^  and  t  =  40pm),  The  numerical  data  plotted  in  Fig.  9  were  considered  for  the 
dependencies  of  the  p-parameter  vs,  the  e>qx>sure  energy.  The  similar  trends  between  the  above  evaluated  diffiaction 
efficiency  curves  and  the  experimental  ones’  (inset  of  Fig.  13)  confirm  the  proposed  electronic  mechanism  and  the  phase 
hologram  behavior  of  the  FerPVA  at  relatively  low  exposure  energy  (<20-25J,cm“^) 

3.6.  SnrPVA  thin  films 

The  results  obtained  on  the  FerPVA  thin  films  have  shown  that  the  main  electronic  mechanism  involved  in  the  variation  of 
the  refiactive  index  consist  of  the  local  transfer  of  one  electron  from  the  PVA  matrix  to  the  metal  ion,  under  the  UV 
exposure.  In  the  following  we’ll  see  that  an  opposite  transfer,  fi'om  the  metal  ion  to  the  PVA  matrix  could  be  also  possible. 
Two  sample  of  SnrPVA  thin  films  from  the  SFV  series  were  considered.  One  of  them  was  exposed  to  the  UV  li^t  for 
around  500s  and  the  other  one  was  kept  unexposed.  The  absorption  spectra  are  presented  in  Fig  14  and  the  Mossbauer 
spectra  in  Fig  15. 


V  ) 


Fig  15  Mossbauer  spectra  obtained  on  unexposed  (a)  and  exposed  (b)  samples  of  the  SIV  series 


24 


It  is  worfli  noticing  that  mmpring  with  the  Fe:PVA  case,  the  absorption  pattern  consist  of  a  relatively  narrow  line  centered 
around  300  nm  which  increase  slowly  in  intensity  under  the  UV  exposure.  A  such  behavior  can  be  understo^  again  by  the 
analyze  of  the  Mossbauer  spectra  which  consist  in  3  paramagtietic  patterns;  two  doublets  with  quite  hi^  quadrupole 
flitting  and  isomer  shift,  both  assigned  to  Sn^^  species  and  a  third  one  (less  splitted)  and  assigned  to  a  Sn  specie.  The 
relative  content  of  the  Sn'^  ions  (proportional  with  the  relative  area  of  the  third  doublet)  increases  under  the  UV  exposure 
fiom  33  %  to  43  %.  Such  a  result  shows  directly,  that  contrary  to  the  Fe:PVA  case,  this  time  two  electrons  are  transferring 
fiom  the  metal  ion  to  the  PVA  matrix.  As  we  learned  from  the  FeiPVA  films,  the  absorption  peaks  in  the  UV  range  are 
related  to  the  ions  in  the  high  valence  slate  and  so  the  increase  of  the  Sn'*^  content  under  die  UV  exposure  cm  also  explain 
the  increase  of  the  absorption  peak  at  300  nm.  A  variation  of  the  refractive  index  vs.  the  exposure  energy  is  expected  in 
SnrPVA  films  due  to  the  balance  of  the  two  Sn  species,  but  m-line  spectroscopy  measurements  are  not  yet  avmlable.  In  any 
case,  the  UV  m/iiirfH  fraction  of  the  Sn'^  species  is  much  lower  than  in  the  Fe  case  (around  10  %  compared  with  60  %),  but 
the  sensitivity  of  the  material  has  to  be  increased  due  to  the  change  induced  by  the  transfer  of  the  two  involved  electrons. 

4.  CONCLUSIONS 

The  main  optical  parameters,  important  for  practical  use  of  the  real  time  holographic  media  were  related  to  local  electronic 
mechanisms  by  using  a  combined  investi^tion  with  optical  and  Mossbauer  spectroscopy. 

Both  the  real  and  the  complex  part  of  the  refractive  index  are  chan^g  for  the  Fe:PVA  thin  films.  The  real  part  is  more 
sensible  at  low  ejqxisure  energy  whereas  the  imaginary  one  (the  absorption  coefficient)  at  hi^er  energy.  The  retoctiw 
index  f^imngas  induced  by  the  UV  exposure  are  the  result  of  an  acceptor-donor  mechanism  and  depend  on  the  Fe  ^e 
content.  The  behavior  of  the  diffiaction  efficiency  vs.  the  exposure  ener©r  was  pretty  well  (fcscribed  using  a  linear 
mmhinatinn  of  the  refractive  indices  belonging  to  each  valence  state  of  iron. 


The  complexity  of  the  electronic  mechanism  was  proved  by  comparing  two  different  media  Fe;PVA  and  SniPVA.  Contrary 
to  the  Fe:PVA  case  where  under  the  UV  exposure  one  electron  is  transferring  from  the  PVA  matrix  to  the  mixed  valence 
ion,  in  the  Sn:PVA  case  two  electrons  are  transferring  from  the  ion  specie  to  the  PVA  matrix. 

The  efficiency  should  be  higher  for  a  higher  number  of  electrons  transferred  between  the  PVA  and  the  metal  ion. 
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ABSTRACT 

We  Study  the  phenomena  connected  with  hi^  concentration  of  incoming  ions  emerging  during  field-assisted  migration  in 
optical  ^ass.  We  find  that  ion  (fynamics  are  very  different  at  concentrations  higher  and  lower  than  a  certain  parameter  called 
the  transition  concentration.  To  explain  anomalies  at  hi^  ionic  concentrations,  we  introduce  a  supplementary  local  electric 
field.  This  field  opposes  to  the  field  Eo  existing  in  the  glass  at  all  concentrations  of  incoming  ions  and  is  connected  with  a 
local  space  charge.  We  investigate  its  dependence  on  concentration  and  on  Eq.  These  effects  are  studied  using  a  model  with 
concentration-dependent  diffusion  coefScients  and  mobilities.  We  present  a  method  to  obtain  the  concentration  dependence 
of  the  relevant  quantities.  Theoretical  curves  are  compared  with  experimental  results  measured  m  usual  silicate  glasses, 
during  Ag^  -Na^  exchanges. 

Keywords:  Optical  integrated  circuits  in  glass,  ionic  inter-diffusion,  local  electric  fields 

1.  INTRODUCTION 

Optical  gmdes  in  glass  may  be  built  using  ionic  inter-diffusion;  processes  are  purely  thermal,  or  field-assisted.  Electric 
fields  are  used  as  a  second  step,  to  bury  the  surface  waveguides  obtained  by  thermal  diffusion,  or  they  may  force  from  the 
beginning  the  ionic  penetration  in  the  glass.  The  last  technique  is  called  field-assisted  migration  (FAM).  We  have  studied 
Ag^-Na^  mter-diffiision  in  various  silicate  glasses,  tmder  very  different  conditions.  We  have  established  a  complex  model  of 
this  process,  using  concentration-dependent  diffusion  coefficients  and  mobilities^  The  model  is  able  to  predict  very 
different  ionic  profiles,  mono-mode  structures,  as  well  as  skewed  multi-mode  structures,  built  under  strong  burying  electric 
fields  (current  densities  up  to  150  Am’^).  The  successful  application  of  the  model  in  such  extreme  conditions  suggested  the 
possibility  to  apply  it  to  all  diffusion  processes.  However,  efforts  attempting  to  characterize  FAM  fell  short. 

Ionic  profiles  given  by  FAM*s  are  steeper  than  the  thermal  ones,  and,  more  important,  a  very  significant  part  occurs  at  high 
concentrations  of  incoming  ions.  A  criterion  for  such  regimes  is  given  by  the  transition  concentration  Ctr,  defined  in  Eq.  (9). 
At  concentrations  of  incoming  ions  higher  than  Ctr  new  phenomena  appear,  unobserved  during  thermal  diffusions  or  dui^g 
field-assisted  buiymg.  An  example  is  the  anomalous  behavior  of  drift  mobilities;  the  Nemst-Einstein  relation  between 
mobilities  and  diffusion  coefficients  becomes  improper^.  We  explain  these  anomalies  introducing  a  supplementary  local 
electric  fields  denoted  by  l^suppi » whose  action  manifests  only  at  high  concentrations  of  incoming  ions.The  second  section 

contains  a  short  presentation  of  the  model,  with  emphasize  on  the  important  physical  quantities.  The  third  section  presents  in 
detail  an  original  method  to  obtain  the  concentration  dependence  of  the  diffusion  coefficients.  We  introduce  here  a  very 
important  parameter,  namely  the  transition  concentration  Ctr.  It  also  contains  a  comparison  between  our  model,  the  usual 
model  with  constant  coefficients,  and  experimental  data.  In  the  fourth  section,  introducing  the  supplementary  electric  field, 
we  explain  the  phenomena  arising  during  FAM.  Anomalies  seem  to  manifest  themselves  at  concentrations  higher  than  Ct. 
The  last  section  contains  discussion  and  conclusions. 

2.  MODELING  IONIC  EXCHANGE  IN  GLASS 

We  study  a  glass,  containing  initially  only  i?-type  mono-valent  cations  (e.  g.  Na^),  put  in  contact  with  a  molten  salt  bath, 
which  contains  the  a-type  foreign  ion  (e.  g.  Ag^.  Pure  thermal  or  field-assisted  dh^ion  brings  a-type  ions  into  the  glass, 
thus  forming  a  wave-guide.  The  model  of  this  process  is  based  on  Fick*s  laws  and  rests  upon  the  following  assumptions: 
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i) -  only  mono-valent  cations  participate  to  the  process;  this  hypothesis  is  supported  by  nuclear  measurements 

ii) -  mechanical  stress  is  neglected;  diis  is  true  for  Ag^-Na^  exchanges 

iii) -  the  mechmiism  of  thermal  diffiision  and  of  electric  drift  are  similar,  this  assumption  allows  the  use  of  Nemst- 
Finctpin  relationship  between  mobilities  and  diflRision  coefficients^ 

iv) -  local  neutrality  is  respected  in  the  glass  during  all  the  f^rication  steps. 


The  Nemst-Einstein  relations  between  the  difiusion  coefficients  of  the  two  ionic  species.  Da  and  Db,  and  their  drift 


mobilities  ga  ftb 


eDi(Ci,T) 

HkT 


i  =  a,b  (1) 


where  Ca,ci,  are  flie  doping  and  host  ion  concentrations,  e  is  the  electronic  charge,  k  the  Boltzmann  constant  and  H  the 
Haven  ratio.  The  quantities  have  an  Arrhenius-type  dependence  on  the  temperature: 


Di(Ci,T)-Doi 


i=a,b 


(2) 


where  AEjare  activation  energies  (J/mole),  R  the  constant  of  perfect  gases,  and  fi(Ci)  functions  depending  on  the 
particular  exchange.  As  the  concentration  dependence  of  the  parameters  is  very  important,  we  present  in  the  third  section  an 
original  method  to  obtain  these  functions. 

The  inter-diffiision  is  mathematically  described  by  Pick's  equations,  one  for  each  ionic  speaes,  supplemented  by  Gauss 
law*’  ^  This  system  of  three  coupled  equations  may  be  reduc^  to  a  single  one  using  the  assum^on  iv)  above,  namely  the 
local  electric  neutrality.  Actually,  this  conjecture  is  incorrect  for  all  field-assisted  processes  .  It  is  easy  to  show  that, 
whenever  an  electric  current  flows  throu^  an  inhomogeneous  material  a  local  space  charge  density  (SCD)  appears.  The 
process  is  manifest  even  in  stationary  conditions.  Indeed,  su^xise  a  constant  current  density  Jo  flows  through  a  material, 
described  by  the  conductivity  o(r,t)  and  by  the  dielectric  permittivity  e(r,t).  The  laws  of  Gauss  and  Ohm  give: 


v(e(r,t)E)  =  'd 


E(r,t)Jo 


L  J 


4m) 


=  p(r,t)5t0 


(3) 


The  SCD  is  non-zero  for  all  compoimd  materials,  especially  for  glasses,  where  the  mixed  alkali  effect  is  p-esent  This 
charge  is  not  annihilatp/t  an  electric  field,  until  the  electric  current  is  switched  off.  Therefore,  only  at  the  end  of  the 
process  a  relaxation  occurs,  and  the  final  sample  has  no  more  local  SCD.  However,  this  SCD  is  zero  for  thermal  diffusion, 
because  Jq  =  0 ,  and  it  turns  out  that  it  has  negligible  effects  in  Iwrying  p-ocesses^.  Its  influence  reveals  only  in  FAKTs,  as 
we  <!hall  see  in  section  4.  Therefore,  assumption  iv)  is  valid  for  all  processes,  excep  FAM;  using  it,  we  obtain  the  equation 
governing  the  inter-difiusion: 


Jo  J 

CoDb(c,T)  J 


(4) 


where  c  =  c^/cq  is  the  relative  concentration  of  incoming  ions,  Cq  the  initial,  constant  concentration  of  host  ions  in  the 
glass  and  Da  (c,T)  the  inter-diffiision  coefficient,  defined  by: 


The  quantity  a(c,T)  is  defined  by: 


Da(C,T) 


DafeT) 

l-a(c,T)c 


(5) 
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(6) 


a(c,T)  =  l- 


DafaT) 

Db(c,T) 


In  this  afp-oximation  of  zero  space  charge,  the  local  electric  field  has  the  form; 


Eo(r,t)  =  — — - \ - 

e  CoDb(c)  l-a(c)c 


HkT  a(c)Vc 
e  1  -  a(c) 


+  Edifif 


(7) 


As  the  difiusion  proceeds,  the  local  concentration  c  varies  in  time,  being  actually  a  function  of  r  and  t  The  expression  (7) 
has  the  same  form  as  the  field  obtained  without  taking  into  account  the  concentration  dependence  of  the  parameters®.  The 
first  term  is  known  as  the  external  field,  the  second  one  as  the  difiusion  field.  These  two  fields  have  the  same  direction, 
namely  towards  the  bulk,  for  all  processes  except  FAM. 

3.  APPLICATION  TO  THERMAL  DIFFUSION  AND  TO  FIELD-ASSISTED  BURYING 


An  important  point  of  the  mo<tel  is  the  concentration  dependence  of  the  quantities.  Usually  one  uses  the  Boltzmann 
method^,  which  has,  however,  a  limitation;  it  can  be  apjdied  only  to  monotonous  difiusion  profiles.  We  have  introduced  an 
original  method  firee  firom  this  restriction';  we  shall  present  it  here  in  detail.  It  has  a  marked  resemblance  with  the  variational 
method  used  e.  g.  in  analytical  mechanics. 

Our  method  requires  the  record  of  two  experimental  profiles,  at  the  same  terrprature,  but  for  different  times.  The  first 
process,  obtained  during  the  time  T ,  may  be  pure  thermal,  or  a  field-assisted  one.  The  second  one  is  a  pure  thermal  re- 
difiusion,  fiom  x  to  t  +  5t  .  The  interval  5t  must  be  short  compared  with  x ;  ^ical  figures,  shown  in  Fig.  1,  are  x  =  20 
mirL,  5x  =  5  min 


Fig.  1  The  two  profiles  used  for  computing  D(c);  '^=20  min.,  8x=5  min.;  diffusion  of  alver  ions  in  sodium 

containing  silicate  glass  at  330  ®C 

Untter  this  condition,  we  can  apaoximate  the  partial  derivative  dc/dt  Ity  the  variation  5c/St .  Integrating  Eq.  (4),  with 
Jq  =0,  fi'omxto  00  (x  =  oo  is  a  point  in  the  glass  fer  beyond  the  difRision  front),  we  obtain; 
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At  the  upper  limit,  c(oo)  =  0,  dc/dx'ix'  =  oo)  =  0 .  Replacing  the  time  derivative  by  the  variation,  we  find  the  aiproximation: 


00 


The  derivative  dc/dx  and  the  variation  5c(x')  are  measured  from  the  experimental  curves  in  Fig.  1.  Relation  (8)  and  the 
curve  c(x)  give  easily  the  function  (c)  (a  typical  dependence  is  shown  with  a  dashed  line  in  Fig.  4).  Theoretical  profiles 

using  the  function  Da(c)  obtained  as  above  are  in  very  good  agreement  with  experimental  points  measured  by  scanning 
electron  microscopy  (SEM),  or  by  other  methods.  Fig.  2  iriiows  how  close  theoretical  curves  match  experimental  points, 
even  in  extreme  conditions  of  skewed  multi-mode  waveguides. 


Fig.  2  Comparison  between  e)q)erimental  points  measured  by  SEM,  the  model  with  constant  diffusion  ^fEcirats  dashed  ^es, 
and  our  model  -  continuous  line.  Rhombs  -  thermal  diffusion  during  20  min.  at  330  °C,  followed  by  20  mia  buping,  at  50  Am  ; 
triangles  -  thermal  diffusion  during  20  min.  at  330  "C,  followed  by  40  min.  burying,  at  50  Am' 

4.  FIELD  ASSISTED  MIGRATION 

A  typical  FAM  profile  is  shown  in  Fig.  3,  together  with  a  theoretical  curve,  shown  as  the  continuous  line.  This  theoreti^ 
curve  is  not  obtained  using  our  preceding  model,  which  fails  in  this  specific  case.  We  have  shown  that  the  main  reason  for 

this  failure  is  the  anomalous  behavior  of  drift  mobilities  during  FAM  processes.  To  be  specific,  the  inter-diffusion  Da  (c) 
may  vary  more  than  10  times,  while  the  inter-mobility  remains  almost  constant 
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Fig.  3  Difiusion  profile  for  3  min.  field-assisted  migration  at  330  under  a  cmrent  density  Jo=23  Am'^. 

Theoretical  curve  is  draw  assuming  an  anomalous  behavior  of  the  inter-mobility  for  Oct 

We  show  in  Fig.  4  these  very  different  behaviors  of  the  two  curves,  which  clearly  contradict  the  Nemst-Einstein  relation  (1). 
As  these  deviations  appear  only  in  FAM,  we  stress  that  they  are  manifest  only  when  foreign  ion  concentrations  are  hi^er 
than  the  transition  concentration. 


Fig.  4  Inter-mobility  (c)  and  inter-diffusion  coefficient  D ^  (c)  versus  the  relative  concentration  c.  The  transition  concentration 
for  this  case  is  C|r=0.58.  The  relevant  parts  of  the  curves  aie  placed  at  the  li^t  of  the  vertical  line  going  throu^  Ctr 
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The  explanation  is  based  on  Eq.  (7).  The  denominators  are  positive  for  all  concentrations,  hence  Egxt  points  always 
towards  the  bulk,  as  does  Jq  .  However,  a(c)  changes  its  sign  around  the  transition  concentration  c^.  defined  as  the 
concentration  at  which  the  two  ionic  species  have  equal  diffiision  coefficients: 

Da(Cfr)  =  Db(c,r).  or  a(Cb)  =  0  (9) 

For  thermal  diffusion  or  for  FAM,  the  concentration  gradient  is  negative,  hence  is  omo-parallel  to  E^xt  for  c  <  c^. , 
but  anti-parallel  for  oc^-.  E^j^  points  towards  the  sur&ce  at  high  concentrations  of  incoming  ions,  consequently 
opposing  the  main  ionic  flux  and  facilitating  chaise  accumulatioa  There  is  a  space  charge  density,  which,  if  c> c^. ,  has 
measurable  effects,  e.  g.  the  inadequacy  of  the  Nemst-Einstein  relatioa  We  explain  the  differences  between  the  two  curves 
in  Fig.  4  by  the  appearance  of  a  supplementary  local  electric  field  E^p( .  Its  effect  is  to  make  almost  constant  the  at^aarent 

inter-mobility.  We  may  write  then,  as  a  first  approximation: 

0  Pconst  Eq  =  C  p,(c)(Eo  +  E^  pj )  (1^) 

This  relation  holds  for  c>  c^ ,  while  for  lower  concentrations  the  mobility  and  die  diffusion  coefficient  are  proportional  to 
each  other.  From  Eq.  (10),  and  using  Eqs.  (5-8),  one  finds  the  expression  of  the  supplementary  field  in  terms  of  the  field 

Eq: 


E 


suppl 


Da(Ctr)  j 

=  Eo 

l^(?»^(l-a(c)c)-l 

.  Da(c) 

(^) 

(11) 


The  first  term  is  smaller  than  1  for  oc^^,  hence  Egjqjp,  points  in  the  direction  OHxasite  to  Eq.  Fig.  5  shows  the 
dependence  of  the  ratio  Esupp,/Eo  in  the  interesting  region  of  high  concentrations. 


Fig.  5  The  ratio  E^i^  p{  /Eq  as  a  function  of  the  relative  concentration,  for  c>Ctr.  The  curve  is  constructed  using  relation  (11)  and 

the  dq>endence  (c)  ifrom  Fig.  4 
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5.  DISCUSSION  AND  CONCLUSIONS 


As  is  well  knowiu  local  space  charges  are  negligible  in  field-assisted  burying,  and  zero  in  thermal  processes.  It  turns  out  that 
in  FAM  some  anomalies  are  manifest  at  concentrations  hi^er  than  c^r .  The  apparent  constant  value  of  the  inter-mobility 
may  have  two  motives: 

a  local  electric  charge  builds  up,  because  for  c>  c^  the  field  opposes  to  the  main  ionic  flux 
not  all  the  ions  participate  to  the  conduction. 

The  two  causes  can  not  be  discriminated  by  difiusion  measurements,  because  the  equations  contain  the  product  cpE ,  On 
the  other  hand,  they  are  connected  together,  because  an  additional  electric  field  opposing  to  ionic  motion  helps  charge 
accumulation.  The  distinction  between  the  cations  participating  to  the  drift  process  and  the  others  is  difficult,  but  could  be 
done  e.  g.  using  ionic  Hall  effect^. 

We  have  proposed  a  way  out,  based  on  a  supplementary  electric  field,  which  manifests  itself  only  at  concentrations  higher 
than  Cfr.  Tliis  field  opposes  to  the  local  field  computed  Eq.  (7)  in  the  zero  space-charge  approximatioiL  In  our  example 
points  towards  the  surface,  hence  it  helps  clwge  accumulation.  It  would  be  interesting  to  search  for  a  glass  and  for 
conditions  such  as  Eo  would  change  its  sign.  This  would  happen  for  Eext=Edi£Ei  i.  e. 

Jo=(D3-Db)—  (12) 

^0 


In  such  conditions  the  local  ionic  arrangements  could  show  interesting  features. 

A  very  important  physical  quantity  for  field-assisted  ionic  exchanges  is  the  concentration  transition  Ctr.  This  parameter 

appears  only  in  models  with  concentration-dependent  diffusion  coefficients.  The  profile  dynamics  is  very  different  at 

concentrations  lower  and  higher  than  Ctr.  Following  Abou-El-Leil  and  Cooper^,  we  may  say  that  at  lower  concentrations  the 

profile  is  stable,  and  for  c>Ctr  it  is  unstable.  These  two  cases  co-exist  for  FAM  profiles. 
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ABSTRACT 

In  this  paper  we  present  the  computed  dopant  field  in  the  neighborhood  of  the  melt/solid  interface  in  the  case  of 
RriHgman-StnnlfhargRr  semiconductor  crystal  growth  system  in  microgravity.  The  computation  is  made  in  quasi-stratfy 
state  aRtroximation  for  crystal  and  melt  with  thermophysical  properties  similar  to  those  of  gallium-doped  germanimn, 
using  the  “precrystallization-zone”  model.  In  the  quasi-steady  state  approximation  the  translation  of  the  ampoule  is 
replaced  by  supplying  melt  into  the  ampoule  with  velocity  Fj  and  removing  crystal  at  the  other  end  of  the  ampoule  at  the 
rate  xhe  “precrystallization-zone”  is  considered  to  be  a  thin  layer  ma^ng  the  crystal  in  which  exists  a  periodical 

micro^cture  created  by  the  periodical  structure  of  the  crystal  which  governs  the  arranging  of  the  own  atoms  into  a 
specific  crystalline  lattice.  In  fact,  in  this  layer  we  have  periodically  distributed  places  which  are  not  avaUable  for  the 
dopant.  Using  this  approximation  and  model,  we  find  relevant  radial  segregation  due  to  the  precrystallization-zone.  We 
also  find  that  reducing  the  diameter  of  the  rod  a  lower  radial  segregation  appears.  Therefore  the  influence  of  the 
precrystallization-zone  is  relevant  even  in  microgravity  and  there  is  no  reason  to  ignore  this  zone  in  general. 


Keywords:  Dopant  field,  precrystallization-zone,  microgravity,  homogenization,  melt/solid  inter&ce 

1.  INTRODUCTION 


In  the  semiconductor  crystal  growth  process  by  vertically-stabilized  Bridgman-Stocldrarger  method,  the  heat  and  ^s 
transfer  in  the  ampoule  are  time  dependent.  These  dependences  are  caused  m^y  by  the  steady  (tecrease  in  the  ratio  of 
melt  to  crystal  in  the  ampoule.  For  semiconductor  materials,  the  decrease  is  slow.  Therefore,  in  moifcLling,  the  ttue 
unsteady  process  is  replaced  by  a  quasi-ste^  state  process  viewed  from  a  stationary  reference  frame  and  is  described  in  a 
cylindrical  polar  coordinate  tystem  shown  in  Fig.l.’’^. 


Fig.  1  Geometry  of  prototype  vertical  Bridgman-Stockbarger  growth  system 
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The  translation  of  the  ampoule  is  replaced  1^  supplying  melt  into  the  ampoule  at  z  =  0  with  velocity  =F/  and  removing 
crystal  at  the  other  end  of  the  ampoule  at  the  rate  Vs  =  V/  ^  For  long  ampoules  and  melts  with  low  Prandtl  numbers  the 
transient  effects  on  heat  and  mass  transfer  are  small^’^.  Consequently,  a  numerical  computation  made  in  quasi-steadjy  state 
ai^TFOximation  corresponds  to  the  computation  made  for  a  position  of  the  ampoule  inside  the  fiimace  which  corresponds  to 
a  time  step  in  the  growth  experienced*^.  Changes  in  the  length  of  the  melt  caused  by  translating  the  ampoule  lead  to  an 
increase  of  the  average  concentration  of  dopant  in  the  melt.  This  effect  is  ignored  in  the  quasi-steadjy  state 
approximationd’^. 

In  the  quasi-steaciy  state  approximation,  the  phase  field  equations  governing  fluid  flow  in  the  melt,  heat  transfer  in  the 
melt  and  in  the  crystal  in  axisymmetric  and  dimensionless  form  are  the  following: 


Vv  =  0 

(v V)  V  =  ~Vp-hPrV^  v+  Ra  Pr  0  Cz 

vve  =  v^e 


PeezVe  =yV^0 

The  interface  condition  in  dimensionless  form  is: 

(NV0)/  -A:(NV0),  =5'/>eNez 

where 


0(r,/r(r))  = 


Th-T, 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 


We  used  the  following  notations: 

V  (r,  z)  =  V  (r,  z)  L/ai  -  dimensionless  velocity  field 

V  (r,  z)  -  velocity  field 

L  -  height  of  the  ampoule 

ai  -  thermal  difiusivity  in  the  melt 

/7(r,  z)  =  ^  (r,  z)L^fp\  cli  -  dimensionless  pressure  field 

p  (r,  z)  pressure  field 

Pi,s  -  melt/solid  density 

0  (r,  z)  =  ( r  (r,  z)  -  Tc)l{Th  -Tc)-  dimensionless  temperature  field 
T  (r,  z)  “  temperature  field 
2^  -  melting  temperature 

Th^c  -  temperature  of  the  hot/oold  region  of  the  fimiace 
R  -  radius  of  the  ampoule 
A  =  RIL  -  aspect  ratio 

Lh^  =  IL  -  dimensionless  length  of  the  hot/gradient  zone 

z  =  0  <  r  <  A  -  location  of  the  melt/solid  interface 

N  =  (Cz  ~  er)/(l+  -  unit  normal  veaor  at  the  interface 

t  =  (Cr  +  A;.  e2)/(l+  -  unit  tangent  vector  at  the  interface 

hr  =  dhldr 

er,e^  -  unit  vectors  for  the  cylindrical  polar  coordinate  system 

V  =  +  Oz 

Pr  =  v/ai  -  Prandtl  number 

“  Tc  )L^/vai  -  Raylei^  number 

V  -  kinematic  viscosity  of  melt 


34 


P  —  thermal  ejqiansion  coefficient 
g  -  gravity  acceleration 

y  =  ocs  /ai  -  ratio  of  thermal  diffiisivities  in  solid  and  melt 

Pe  =  L/tti  -  Peclet  number  of  convective  heat  transfer 

5  =  A/7/  /[pi  Cfi  (Xh  -  TV )]  -  Stefan  number 

(sHf  -  heat  of  fusion 

Cpi  -  heat  capacity  of  the  melt 

K  =  kslki  -  conductivity  ratio 

Boundary  conditions  on  velocity  at  the  interface  insure  no  slip  tangential  to  the  crystal  and  the  solidification  of  the  melt  at 
a  rate  proportional  to  the  growth  rate  .  The  top  surface  and  sidewall  of  the  ampoule  are  assumed  to  be  no  slip  sutfeces  so 
that  Vr  =  0  and  Vj  =  Pe  in  the  melt’’^. 

The  symmetry  boundary  conditions  at  the  axis  of  the  cylinder  are’’^. 


Vr  = 


dr 


—  =  0,  0^z<l,r  =  0 
dr 


(7) 


The  thermal  boundary  conditions  incorporate  the  assumption  that  the  ampoule  has  ne^igible  thermal  mass,  the  adiabatic 
region  is  a  perfect  insulator,  the  ampoule  has  the  temperature  of  the  surrounding  furnace  and  the  ends  of  the  ampoule  are 
perfectly  insulated'’^. 

The  convectrve-diSusive  equation  for  the  concentration  c  =  c(r,  z)  of  the  dilute  dopant  is: 

V  Vc  =  V^c  (^) 

Pr 

where  Sc  =  v/D  is  the  Schmidt  number  and  D  is  the  difiusivity  of  the  dopant  in  the  metf 
The  boimdary  conditions  for  eqn.  (8)  are: 


dc  PeSc  ^  /X  A  ^  ^  A 

—  =  (c-l),  z  =  0,  0<r^A 

dz  Pr 

(9) 

NVc-  (Nez)(l-*)c,  z  =  h(r),  0<r<A 

Pr 

(10) 

—  =0, 0<z^l,r=0,A 
dr 

(11) 

where  k  is  the  segregation  coefficient^’^. 

If  we  ignore  the  precrystallization-zone,  assuming  that  the  melt  is  homogenous,  the  value  of  the  Schrmdt  number  is  the 
jBiinp.  in  eqn.  (8),  (9)  and  (10).  But  if  we  take  into  account  the  precrystallization-zone,  then,  due  to  the  microstructures  in 
the  precrystallization-zone,  the  difiusivity  of  the  dopant  decreases  with  z  which  leads  to  an  increase  of  the  value  of  Sc. 
Therefore,  we  must  take  in  eqn.  (10)  a  bigger  value  for  Sc  than  the  value  in  (8)  and  (9). 


2.  THE  PRECRYSTALLIZATION-ZONE 

Starting  from  the  fact  that  the  “uniform-difiusion-layer”  and  “global-thermal-convection”  models  used  in'’^  to  compute  the 
dopant  field  ignore  the  “precrystallization-zone”,  we  have  developed^’'*  a  so  called  “precrystallization-zone-mr^l”  in 
which  we  obtained,  using  homogenization  method  a  new  convective-difiusive  equation  for  the  dopant.  Concerning  this 
model  we  assume  that  there  exists  a  thin  layer  rttasking  the  crystal  where  we  have  a  weak  form  of  the  periodic  structure  of 
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the  crystal.  This  periodic  microstructure  is  created  by  the  crystal  of  which  structure  like  a  matrix  governs  the  arranging  of 
the  atoms  from  the  melt  into  a  specific  crystalline  lattice.  Consequently,  in  a  thin  layer  masking  the  aystal  we  have 
periodically  distributed  places  which  are  not  available  for  the  dopant.  These  places  can  be  imagined  as  some  small  “solid 
inclusions”  (small  with  respect  to  the  distance  between  two  neighboring  inclusions  and  small  also  with  respect  to  a  critical 
size^).  In  these  conditions  the  velocity  field  in  the  effective  dopant-transport  equation  (8)  is  not  influenced^,  but  the 
diffusive  term  changes.  Therefore  we  will  have  for  the  dopant  a  new  not  constant  diffiision  coefficient  in  isotropic  case  and 
a  diffusion  tensor  in  anisotropic  case.  The  new  diffusion  coefficient  or  tensor  depend  on  z,  on  the  concentration  of  the 
“solid  inclusions”  and  on  the  geometry  of  these  inclusions^.  At  the  level  of  the  melt/solid  interface  this  coincides  with  the 
diffusion  coefficient  or  tensor  in  the  crystal^.  In  the  precrystallization-zone  the  diffusion  coefficient  which  appears  in  eqn, 
(8)  decreases  with  z  and  influences  the  dopant  field.^  We  have  estimated  this  influence  in  isotropic  case  changing  the 
Schimdt  number  just  in  eqn.  (10)  in  agreement  with  the  decrease  of  D®’*.  The  effect  of  this  change  was  calculated  for 
microgravitational  conditions  and  is  shown  beyond. 

3.  NUMERICAL  COMPUTATION  OF  STREAMLINES,  VELOCITY  FIELDS  AND  TEMPERATURE 

FIELDS  IN  MICROGRAVITY  (Ra  =10) 

Streamlines,  velocity  fields  and  isotherms  in  microgravitational  conditions  are  computed  using  the  software  called 
“Cosmos”.  Calculus  has  been  made  for  melt  and  crystal  with  thermophysical  properties  similaf  to  those  of  gallium-doped 
germanium.  The  interface  is  planar  and  fixed  at  the  middle  of  the  gradient  region. 


Fig.  2a)  Streamlines  in  the  melt  region  for  jRa  =  0 


A =0.2 


A=0.15 


A  =0.1  A»0.05  A -0.01 


Fig.  2b)  Streamlines  in  the  melt  region  for  Ra  =  10 
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Figs.  4  show  the  temperature  fields  computed  for  the  same  values  of  A  as  in  the  previous  figures.  For  A  =  0.01  there  is  no 
difiference  between  the  temperature  fields  in  strictly  zero-gravity  and  those  in  microgravity  {Ra  =10). 


Fig.  4a)  Temperature  fields  (melt  and  crystal)  for  J?a  =  0 


Fig.  4b)  Temperature  fields  (melt  and  crystal)  for  J?a  =  10 

4.  NUMERICAL  COMPUTATION  OF  DOPANT  FIELDS  IGNORING  THE  MICROSTRUCTURE 

NEAR  THE  INTERFACE 


Figs.  5  show  the  dopant  fields  computed  in  strictly  zero-gravity  (Fig.5a))  and  microgravity  (Fig.5b))  for  various  values  of 
A.  These  conq)utations  have  been  made  assuming  that  the  difiusion  coefficient  Z)  has  the  same  value  in  eqn.  (8),  (9)  and 
(10).  This  means,  that  we  ignore  the  precrystallization-zone  and  implicit  the  microstructure  in  the  neighborhood  of  the 
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interfece.  The  iso-concentration  lines  are  parallel  to  the  inter&ce  and  those  in  microgravity  are  similar  to  those  in  strictly 
zero-gravity. 


Fig.  5a)  Dopant  concentration  fields  for  flow  fields  shown  in  Fig.2a);  5c  =10  and  0. 1 


Fig.  5b)  Dopant  concentration  fields  for  flow  fields  shown  in  Fig.2b);  Sc  =10  and  t  -  0. 1 


5  NUMERICAL  COMPUTATION  OF  THE  DOPANT  CONCENTRATION  AT  THE  AXIS  OF  THE 
CYLINDER  IN  THE  PRESENCE  OF  MICROSTRUCTURES 

Figs  6  to  10  show  the  computed  values  of  the  dopant  concentration  at  the  axis  of  the  cylinder  for  five  different  values  of  A 
and  five  HiflFpiwnt  values  of  the  volumic  concentration  <p  of  “solid  inclusions”  which  describes  the  microstructure  in  the 
precrystallization-zone.  For  each  value  of  A  one  observes  that  an  increase  of  <p  leads  to  modifications  in  Ae  do^t 
^nrpnfratinns  at  the  axis  of  the  cylinder.  More  precisely,  the  concentration  increases  with  tp  near  the  interfece.  This 
increase  is  significant,  because  for  a  variation  of  <p  from  0  %  to  5  %,  the  concentration  of  the  dopant  at  the  axis  near  the 
infprfarp  iprrpiagps  five  times.  The  scale  factor  of  dopant  concentration  is  the  same  for  all  A  values. 
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Fig.  6  Dopant  concentration  at  the  axis  of  the  cylinder  for  A  =  0.2  and  i&i  =  10  for 
several  values  of  the  volumic  concentration  q)  of  “solid  inclusions” 


Fig.  7  Dopant  concentration  at  the  axis  of  the  cylinder  for  A  =  0.15  and  J?a  =  10  for 
several  values  of  the  volumic  concentration  (p  of  “solid  inclusions” 


c<0 

#«)  c<0, 

t (0  , 

SO 

50 

SO 

40 

40 

40 

30 

30 

30 

20 

20 

20 

10 

10 

0.1  0.2  0.3  0.4  0.5* 

0.1  0.2  0.3  0.4  0.5* 

ft.l  O.t  0.3  0.4  0.5 

9  =  0.0317 


6.1  O.t  0.3  0.4  0.5 

9  =  0.0499 


Fig.  8  Dopant  concentration  at  the  axis  ofthe  cylinder  for  A  =  0.1  andl2a=10for 
several  values  of  the  volumic  concentration  9  of  “solid  inclusions^’ 
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Fig.  9  Dopant  concentration  at  the  axis  of  the  cylinder  for  A  =  0.05  and  jRa  -  10  for 
several  values  of  the  volumic  concentration  (p  of  “solid  inclusions” 
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Fig.  10  Dopant  concentration  at  the  axis  of  the  cylinder  for  A  =  0.01  and  i2a  -  10  for 
several  values  of  the  volumic  concentration  cp  of  “solid  inclusions” 

6.  NUMEMCAL  COMPUTATION  OF  THE  RADIAL  VARIATION  OF  DOPANT  CONCENTRATION 
AND  PERCENT  RADIAL  SEGREGATION  IN  THE  PRECRYSTALLIZATION -ZONE 


Figs.  11  to  14  show  the  radial  variations  for  various  values  of  A  and  cp.  This  variation  is  not  zero  like  in  section  4.  For  a 
given  value  of  A,  the  radial  variation  increases  with  cp.  For  a  given  <p,  the  rachal  variation  decreases  with  A  and  disappe^ 
completely  for  A  =  0.01.  Therefore,  under  microgravitational  conditions,  in  precrystallization-zone  model  we  have  radial 
variation  of  the  dopant  concentration  due  to  the  residual  gravity  and  it  attenuates  for  small  aspect  ratios  A  (see  Fig.  15). 

For  a  given  A,  the  percent  radial  segregation  is  an  increasing  function  of  cp  (see  Fig.  15).  For  a  given  cp,  the  percent  radial 
segregation  is  an  increasing  function  of  A  (see  Fig.  16). 

Therefore  in  precrystallization-zone  model  we  have  radial  segregation  due  to  the  residual  gravity.  This  segregation  is 
significant  for  A  =  0.2  and  insignificant  for  A  =  0.05. 
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Fig.  16  Percent  radial  spgregatinn  as  a  function  of  aspect  ratio  A  for  different  values  of  volumic  concentration  cp  of 

“solid  inclusions”;  =  0.1,  i?fl  =  10 


7.  CONCLUSIONS 


The  microstructure  in  the  precrystallization-zone  has  an  important  influence  on  the  dopant  concentration  in  the 
precrystallization-zone.  An  increase  from  0  %  to  5  %  of  the  volumic  concentration  cp  of  these  microstructures  leads  to  a 
five  time  bigger  dopant  concentration  at  the  interface  on  the  axis  of  the  cylinder.  Even  in  microgravity  there  is  no  reason  to 
ignore  the  microstructure  in  the  precrystallization-zone. 

For  a  given  volumic  concentration  of  “solid  inclusions”  the  axial  dopant  concentration  doesn’t  vary  significant  with  the 
aspect  ratio. 

Radial  variations  of  dopant  concentration  exist  even  in  microgravity  conditions.  These  variations  are  strongly  dependent 
on  the  volumic  concentration  of  “solid  inclusions”,  i.e.  they  increase  with  cp.  Though,  these  radial  variations  decrease  with 
decreasing  aspect  ratio. 

For  A  =  0.05,  radial  variations  of  the  dopant  concentration  are  almost  inexistent,  even  for  higher  volumic  concentration  of 
“solid  inclusions”  (for  ex.,  at  cp  =  0.055).  In  the  case  of  very  thin  rcxis  (A  =  0.01),  radial  variations  disappear  completely. 

The  percent  radial  segregation,  defined  as 

Ac  =  I  c(0, 0.484375)  -  c(A,  0.484375)  i  x  lOO/k, 

for  a  given  aspect  ratio  is  an  increasing  function  of  the  volumic  concentration  cp  of  “solid  inclusions”. 

For  a  given  value  of  the  volumic  concentration  9  of  “solid  inclusions”  the  percent  radial  segregation  is  an  increasing 
function  of  the  aspect  ratio  A.  Radial  segregation  is  important  for  higher  values  of  A  (A  =  0.2,  0,15),  insignificant  for 
A  =  0.05  and  disappears  completely  in  the  case  of  very  thin  rods  (A  =  0.01). 

Even  in  microgravity  the  influence  of  the  precrystallization-zone  on  the  dopant  dispersion  is  relevant  and  there  is  no 
reason  to  ignore  this  zone  in  general. 
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ABSTRACT 

We  obtained  polymer  dispersed  liquid  crystal  (PDLC)  films  using  a  nematic  liquid  crystal  E7  and  polymethyl  methacrylate 
(50%  by  weight)  by  the  Solvent  Induced  Phase  Separation  method.  Using  the  Thermally  Stimulated  Depolarization  Current 
method  we  determined  the  clearing  point  of  the  pure  hquid  crystal  and  of  the  PDLC  films.  The  glass  tr^ition  tenqreratme 
of  the  PMMA  matrix  has  also  been  determined.  The  results  have  been  compared  with  those  obtained  by  Differential 
Scanning  Calorimetry.  During  the  TSDC  measurements  we  registered  the  optical  transmission  as  a  fimction  of  temperature, 
thus  the  thermal  switch  operation  being  demonstrated. 

Keywords;  liquid  crystal,  polymer  dispersed  hquid  crystal,  phase  transition,  thermally  stimulated  depolarization  currents 

1.  INTRODUCTION 

Polymer  dispersed  hquid  crystal  (PDLC)  composite  materials  consist  of  micrometer  sized  liquid  crys^  (LC)  droplets 
in  a  sohd  polymer  matrix*.  There  are  two  different  types  of  such  materials:  a.  Plastic  materials  with  open  or 
connected  micropores  which  can  be  filled  with  a  nematic  hquid  crystal,  b.  Materials  containing  encapsulated  hquid  crystals, 
that  is  a  polymeric  continuum  in  which  the  hquid  crystal  micro-droplets  are  randomly  fixed  in  position,  but  are  not 
connected  to  each  other.  The  unifying  theme  in  polymer  dispersed  hquid  crystals  is  the  formation  of  systems  with  high 
surfece-to-volume  ratios.  Traditional  hquid  crystal  devices  are  formed  as  thin  films  between  two  paraUel  substrates.  The 
substrates  are  usuahy  treated  to  obtain  uniform  ahgnment  of  the  liquid  crystal  at  each  surface.  Mchoring  effects  are 
relegated  to  the  two  bounding  substrates.  In  the  PDLC  systems  there  is  a  large  increase  in  the  relative  surfece  area.  As  a 
result,  the  intpirfarial  effects  become  more  important,  because  of  the  anchoring  properties  of  the  hquid  crystal  at  the  surface 
and  of  the  hydrodynamic  flow  characteristics  of  the  liquid  crystal  in  close  proximity  to  a  surface. 

PDLC  devices  exhibit  an  electro-optical  effect  because  of  optical  heterogeneity  between  the  polymer  and  the  LC  domains. 
One  achieves  switching  between  an  opaque  field-“ofP’  and  a  transparent  field-“on”  state  by  matching  the  ordinary  refractive 
index  of  the  LC  to  the  reflactive  index  of  the  polymer  matrix. 

PDLC  fitins  have  various  sqrphcations;  displays,  bistable  devices,  polarizers,  memory  devices,  selective  permeable 
inpmhranRs  thermal  switches,  etc.,  their  properties  varying  strongly  with  the  temperature. 

Methods  of  preparation:  .  ,  ■  , 

1.  Emulsion  methods  for  PDLC  films  -  emulsification  of  a  hquid  crystal  in  a  film  forttung  polymer  (polyvmyl 
alcohol,  latex).  This  emulsification  is  coated  onto  a  conductive  substrate  and  alowed  to  dry.  As  the  film  dries,  the 
polymer  forms  a  sohd  phase  which  contains  the  dispersed  LC  droplets. 

2. Phase  separation  methods  for  PDLC  films: 

-PIPS-  polymerisation  -  induced  phase  separation:  LC  is  mixed  with  low  molecular  weight  monomers  or 
ohgomers,  which  act  as  a  solvent  for  the  LC.  Polymerization  is  induced  by  heat  or  electromagnetic  ra^tions.  The 
growing  ^lymer  rhains  phase  separate  fi-om  the  LC  to  form  a  matrix  surrounding  discrete  liquid  cristalline 
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domains.  The  phase  separation  process  is  sensitive  to:  temperature,  light  intensity  (in  photo-cured  j^stems), 
presence  of  impurities,  solubility  characteristics  and  molecular  weight  of  the  starting  materials. 

-TIPS-  thermally  -  induced  phase  separation  :  thermoplastic  polymer  heated  into  a  melt  and  mixed  with  a  LC  to 
form  a  single  phase  solutioa  The  LC  phase  separates  into  i’oplets  as  the  system  is  cooled  back  to  room 
temperature.  The  droplet  size  in  TIPS  films  can  be  controlled  to  an  extent  by  the  rate  of  cooling,  with  rapid  cooling 
leaing  to  smaller  droplet  sizes. 

-SIPS-  solvent  evaporation-  induced  phase  separation:  the  polymer  is  mixed  with  the  LC  and  an  organic  solvent  to 
form  a  single  phase  mixture.  Evaporation  of  the  solvent  causes  phase  separation  of  the  polymer  and  liquid 
cristalline  phases.  The  droplet  size  can  be  controlled  by  controlling  the  rate  of  solvent  evaporation,  a  sm^er 
cooling  rate  leading  to  bigger  droplets. 

3.  Imbibing  porous  structures  with  LC :  organic  membranes  with  open  fibrous  microstructure  are  imbibed  with  LC. 
(they  need  high  voltages  to  orient  an  operate;  the  domain  size  of  LC  is  veiy  large,  so  that  the  zero-field  states  of 
these  systems  possess  mediocre  scattering  properties) 

4.  Glass  -  dispersed  systems:  sol-gel  chemistry  has  been  used  to  create  dispersed  nematic  ^sterns  within  a  silica 
glass  matrix. 

In  this  paper  we  study  the  phase  transitions  in  E7/PMMA  polymer  dispersed  liquid  crystal  films  by  the  thermally  stimulated 
depolarisation  currents  (TSDC)^'’  method  and  by  dffierential  scanning  calorimetry  (DSC).  Polarized  microscopy 
observations  and  optical  transmission  measurements  are  also  used  to  interpret  the  phase  transition  temperatures. 


2.1.  Sample  preparation 


2.  EXPERIMENTAL 


We  prepared  PDLC  films  by  the  solvent  induced  phase  separation  method^.  The  polymer  and  the  liquid  crystal  were  mixed 
in  equal  ratios  by  weight  Then  chlorophorm  was  added  in  a  6:1  weight  ratio.  After  stirring  well,  the  mixture  was  placed  on 
rro  coated  glass  plates,  and  the  chlorophorm  was  evaporated.  Then  another  ITO  coated  glass  plate  was  used  to  sandwich 
the  PDLC  film.  We  have  used  the  nematic  LC  mixture  E7  (Merck),  having  the  following  phase  transition  temperatures:  - 
glass  transition  temperature:  Tg=  -62®C  and  the  nematic  -isotrop  transition  temperature:  Tn-i  =59  ®C.  The  polymethyl 
methaciylate  (PMMA)  was  obtained  in  the  laboratory  and  has  the  Tg=l  12  ^C.  The  thickness  of  the  E7  cell  was  10  pm  and 
the  thickness  of  the  PDLC  cell  was  225pm.  The  dimensions  of  the  LC  droplets  in  the  PDLC  film  are  l-5pm 


For  the  DSC  experiments,  the  films  have  been  solvent-casted  and  sealed  in  aluminium  pans. 
2.2.  Experimental  set-up 

2.2.1.  Thermally  Stimulated  Depolarization  Currents  (TSDC) 


Fig.  1  Experimental  set-up  for  TSDC  measurements.  D.C.S  -  D.C.  voltage  supply,  O  -  thermostated  oven;  S-  sample;  T  -temperature 
transducer,  Ki ,  K2  -  switches,  a-measuring  position,  b  -  shortcircuit  position;  pA  -  picoammeter  (TR 1452),  A  -  amplifier, 

X,  Y  recorder  (current  intensity,  temperature) 
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The  experimental  set-up  for  the  TSDC  measurements  is  shown  in  Fig.1.  A  copper  thermostated  oven  with  a  controlled 
heating  rate  (IT  /min)  was  used.  The  ejqterimental  set-up  allows  the  simultaneous  microscopic  examination  of  the  sample. 

The  following  heating-cooling  cycles  were  used:  From  the  room  temperature,  the  sanqtle  was  first  heated  up  to  approx. 
100°C,  without  applying  polarizing  electric  field,  and  then  it  was  cooled  down  to  room  temperature.  The  sample  was  again 
heated  to  100  °C  and  a  field  Ep  was  applied  for  15  minutes;  the  sample  was  then  cooled  down  to  room  temperature  while 
maintaining  Ep  tK).  Finally  the  Sample  was  short-chcuited  for  15  minutes  to  eliminate  the  accumulated  chaiges,  and  heated 
to  1 10°C.  Both  hp^ting  and  cooling  cycles  were  registered  when  the  picoammeter  was  coimected. 

2.2.2.  The  optical  transmission  measurements  have  been  performed  in  polarized  ligjit  (between  parallel  polarizers  - 
riacgiral  Depolarized  Light  Intensity  measurements).  The  light  intensity  versus  temperature  has  been  registered 
simultaneous  with  the  TSDC  measurements 


2.2.3.  Differential  Scanning  Calorimetry  (DSC) 

The  measurements  were  performed  with  a  Mettler-Toledo  30  DSC  -  control  system  TC10A/TC15,  cahbrated  on  6  points 
over  the  range  of  temperature  investigated,  with  glass  medium  sensor. 

The  samples  have  been  cooled  down  from  room  tenqrerature  to  -100  °C  with  a  rate  of  -100°C/min  and,  after  equihbration, 
they  have  been  heated  with  a  rate  of  5°C/min®.  Sequential  DSC  cycles  did  not  show  significant  differences. 

3.  RESULTS  AND  DISCUSSIONS 


After  running  more  cycles  of  initial  depolarization,  we  have  registered  the  TSDC  spectra  for  fixed  polarizing  electnc  fields 
Ep’  *”®  In  Fig.2.  is  shown  the  TSDC  spectrum  for  the  pure  liquid  crystal  E7  after  applying  a  polarization  field  Ep  =9kV/m.  A 
platpaii  corresponding  to  the  nematic-isotropic  transition  is  between  56-60  C. 
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Fig.2.  TSDC  spectrum  for  pure  E7  after  Ep=9kV/m. 


In  Fig.3  the  depolarization  current  without  polarizing  field  for  the  E7/PMMA  sample  is  presented.  We  notice  a  shift  of  the 
nematic  -isotropic  transition  towards  lower  temperatures  and  a  hi^er  intensity  peak  at  about  90  ®C.  This  peak  corresponds 
to  the  glass  transition  of  the  PMMA  matrix. 
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The  TSDC  spectra  for  PDLC  E7/PMMA  after  applying  different  polarizing  fields  are  presented  in  Fig.  4  (Ep=9kV/m)  and 
Fig.5  (Ep-22kV/mandEp=40kV/m). 

During  the  polarization-depolarization  cycles,  we  have  simultaneously  registered  the  transmittance  of  the  samples.  In  Fig.  6 
is  shown  the  optical  transmittance  versus  temperature  for  the  E7/PMMA  sample  after  applying  Ep=40kV/m. 

In  Fig.  7  and  in  Tab.  2  are  presented  the  results  of  the  DSC  measurements. 

In  Tab.  1  are  presented  the  results  of  the  TSDC  measurements. 


Fig.3  TSDC  spectrum  for  E7/PMMA  50%,  without  polarizing  electric  field 
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Rg.4  TSDC  spectrum  for  E7/PMMA  50%,  after:  Ep=9kV/m 
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Fig.  7  Differential  scanning  calorimetry  onE7  and  E7/PMMA  50% 


Tab.  1  Results  of  the  TSDC  measurements:  Tn-i  and  for  E7  and  E7/PMMA  50%  after  different  Ep 


Composition 

Ep  [kV/m] 

TN-i(onset) 

rci 

TomatTbcrC] 
(ciUTcnt  Deak) 

E7  (pure) 

0 

59 

E7  (pure) 

9 

56 

. 

E7  50%PMMA50% 

0 

42 

90 

E7  50%PMMA50% 

9 

44 

99 

E7  50%PMMA50% 

22 

45 

100 

E7  50%PMMA50% 

40 

46 

108 

When  the  LC  is  mixed  with  the  PMMA  its  typical  transition  temperatures  are  shifted  down  a  few  degrees  (see  Tabs.  1  and  2) 
and  the  peaks  are  broadened  which  is  coherent  with  the  dispersion  of  microdroplets  and  the  consequential  presence  of  a 
large  interface  between  the  LC  and  the  polymer  matrix 

Tab  2.  Transition  temperatures  obtained  by  differential  scanning  calorimetry  (DSC  heating  rate  =  5  °C/min) 


Composition\transition 

Tgl 

(midpoint) 

Tg2 

(midpoint) 

nem.-isot. 

(onset) 

nem.-isot. 

(peak) 

E7  (pure) 

-65.1 

-28.6 

53.3 

57.1 

E7  50%PMMA50% 

diSuse 

-32.4 

49.15 

53.9 

4.  CONCLUSIONS 

Analyzing  the  results  of  the  TSDC  measurements  we  conclude: 

1.  As  compared  to  the  pure  LC,  the  phase  transition  temperatures  are  lower  in  the  composite  material.  This  is  also 
in  good  agreement  with  the  DSC  measurements. 
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2.  When  on  the  PDLC  sample  is  applied  a  polarizing  electric  field  (D.C.)  the  phase  transition  temperatures 
increase  with  the  polarizing  field.  This  can  be  explained  as  follows;  when  a  polarizing  electric  field  is  appUed 
at  higher  temperatures,  the  dipoles  are  oriented.  Keeping  the  field  applied  during  cooling,  the  dipoles  are 
“fiozen  in”.  At  the  increase  of  the  temperature,  thermally  stimulated  depolarization  currents  are  register^.  If 
the  polarizing  field  is  stronger,  more  dipoles  are  oriented,  and  more  energy,  that  is  higher  temperature  will  be 
needed  to  disorient  them  and  to  pass  in  a  “glassy”  state. 

Analyzing  Fig.  6,  we  observe  a  hi^  optic  transmittance  of  the  sample  in  the  “on”  state.  The  transmittance  versus 
temperature  curve  also  shows  a  good  “on”-“ofF’  ratio  and  a  steep  slope  of  the  nematic-isotropic  transition.  At  the  decrease 
of  the  temperature  hysteresis  is  obtained,  the  Tn-i,cooi  being  lower  than  Tnj  heat.  Thus  the  thermal  switch  operation  is 
demonstrated. 
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ABSTRACT 

Amorphous  C-Ni  superlattice  films  designed  as  normal-incidence  reflector  for  5  nm  have  been  grown  on  quartz  substrates 
by  ma^etron  sputter  deposition  in  Ar  discharge.  An  extended  set  of  characterization  techniques  has  been  applied: 
Transmission  Electron  Microscopy  (TEM)  and  Atomic  Force  Microscopy  (AFM)  in  order  to  characterize  the  growth 
conditions.  TEM  measurements  revealed  information  about  the  evolution  of  smoothness  and  the  uniformity  of  the 
multilayer  structure  fimction  of  the  distance  to  the  substrate.  A  new  DSP-controlled  AFM  system  has  been  involved  in 
investigating  the  surface  topography  of  the  final  surface  of  the  multilayer  structure  as  well  as  the  substrate.  A  detailed 
aiialysis  of  AFM  topographic  images  is  presented.  Special  attention  has  been  paid  to  an  important  parameter  for  such 
mirrors,  the  surface  roughness,  for  nanometric  and  micrometric  areas,  involving  AFM  tips  with  different  radius  of  curvature. 
Roughness  analysis  as  well  as  the  implication  of  the  different  radius  curvature  tips  used  in  AFM-contact  experiments  are 
presented  together  with  the  power  spectral  density  function  calculatioa 

Keywords:  multilayer,  RF  magnetron  sputtering  deposition,  atomic  force  microscopy,  surface  roughness,  root-mean-square 
rou^ess,  power  spectral  density 


!•  INTRODUCTION 

The  interest  in  producing  layered  synthetic  microstructures  has  increased  continuously  in  the  last  years  due  to  the  unique 
properties  that  many  materids  combinations  have  been  shown  to  exhibit.  By  varying  the  layer  thickness,  the  number  of 
inter&ces  and  the  choice  of  constituent  materials,  the  multilayer  structure  offers  unique  opportunity  that  is  simply  not 
possible  with  ordinary  diffraction  elements^’^.  These  multilayer  mirrors  offer  high  flexibility  of  use  because  of  their  ability 
to  choose  the  spacing  parameters,  the  nature  of  the  constituents  and  the  number  of  the  bilayers. 

High  reflectivity  soft  X-ray  mirrors  require  uniform  layer  thicknesses  and  densities,  hi^  stack  regularity,  perfectly  smooth 
and  sharp  interfaces,  and  substrates  that  are  flat  Different  vacuum  deposition  techniques  have  been  used  in  the  last  few 
years  to  pH*oduce  synthetic  layered  microstructures.  An  RF  n^etron  sputtering  technique  is  a  good  choice  providing  film 
punty,  ixocess  repeatability  and  unifonmty  of  deposition,  abihty  to  cover  complex  shapes  and  where  numerous  periods  are 
needed.  The  most  successful  multilayer  mirrors  reported  for  50  A  region  are  obtain  from  the  transition  elements  (V,  Cr,  Mn, 
Fe,  Co,  Ni)  combined  with  space  layers  of  carbon. 


In  this  paper  a  detailed  stu<^  of  the  C-Ni  multilayer  sur&ce  quality  is  presented.  From  Transmission  Electron  Microscopy 
(TEM)  measurements  we  learned  about  the  evolution  of  smoothness  and  the  uniformity  of  the  multilayer  structure  function 
of  the  distance  to  the  substrate.  In  order  to  investigate  the  surface  topography  of  the  final  surface  of  the  multilayer  structure 
as  well  as  the  substrate  a  new  DSP-controlled  Atomic  Force  Microscope  (AFM)  system  has  been  involved.  The 
comprehensive  analysis  of  AFM  topographic  images  has  been  performed  with  emphasis  on  important  parameters  for  such 
mirrors,  (a)  the  sur&ce  roughness,  for  nanometric  and  micrometric  areas,  involving  AFM  tips  with  different  radius  of 
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curvature,  and  on  (b)  power  spectral  density  function  evaluation.  Roughness  analysis  as  well  as  the  implication  of  the 
different  rafting  curvature  tips  used  in  AFM-contact  experiments  are  jMesented. 

2.  EXPERIMENTAL 

One  of  the  most  known  and  used  optical  coating  deposition  technique  is  that  based  on  ^  sputtering.  Sputtering  is  a  process 
operating  on  an  atomic  or  molecular  scale,  governed  by  the  momentum  transfer  of  incident  atoms  to  the  target  material 
atoms  and  this  momentum  transfer  can  lead  to  the  ejection  of  a  surface  atom  (sputtering).  Since  in  fliis  kind  of  process  the 
atoms  arrive  individually,  it  is  an  ^ipropriate  techmque  for  growing  films  of  atomic  thicknesses  or  small  multiides  thereof 
or  molecule-by-molecule  also. 

The  targets  used  for  our  depositions  were  10  cm  diameter  disks  of  99.9  %  pure  Ni  and  C.  Plasma  was  ignited  at  an  operating 
pressure  of  ~0  6  Pa  due  to  Ar  flow  of  60  seem  measured  with  a  mass  flow  controller  of  0.2  %  accuracy.  The  power  of 
discharge  was  175  W  for  C  deposition  and  125  W  for  Ni.  The  deposition  rates  for  both  Ni  and  C  were  approximately  0.2 
A/s  with  a  target-to-substrate  distance  of  about  8  cm.  The  deposition  rate  was  measured  using  quartz  crystal  of  0.1  A/s 
acciiracy.  A  system  of  individuaUy  shutters  was  used  in  order  to  control  the  deposition  process  initialisation.  To  minimize 
intermixing  between  layers,  a  delay  of  few  seconds  between  the  closing  of  one  shutter  and  the  opeiung  of  the  other  was 
employed. 

The  quartz  were  selected  because  their  surfece  are  microscopically  smooth.  The  substrates  were  initially  at  room 

temperature  and  no  effort  was  made  to  control  their  temperature  during  depositioa 

In  order  to  increase  reflectivity  response,  an  optical  component  has  to  be  made  using  a  stack  of  interfeces  set  at  the  right 
gparing  This  lead  to  a  constructive  interference  obtained  fiom  the  partially  reflected  waves  of  each  interface  thus  the 
absorption  loss  should  be  lower  than  reflectivity  per  interface.  In  designing  the  best  parameters  -  the  optimum  thickness  and 
the  number  of  periods  required  -  we  followed  the  first  good  app-oximate  calculation  proposed  in  1977  by  Vinogradov  et  cd. 
and  completed  in  1987*.  We  considered  that  such  simi^ified  formulas  could  be  used  with  confidence  for  good  predictions. 
For  the  wavelength  A,  =  5  nm  the  optical  constants  for  Ni  and  C  are: 
nickel  =  ni  -  ilq  =  0.9832  -  0.00903/ 

carbon  fie  =  n2-ik2=  0.996  -  0.000926/. 

We  assume  that  the  nickel  thin  film  takes  the  share  a  of  all  period  1,  with  0<a<l.  Following  the  amjAe  transcendental 
equation  we  found  the  optimum  value  a  =  0.4.  Thus,  the  number  of  periods  should  be  100  and  the  thickness  of  die  carbon 
and  layers  1.5  run  and  1  nm  respectively  for  maximum  reflectivity  (A,  =  5  nm)  of  around  28.4%  at  4.5  incidence 
angle. 

For  the  reason  of  maximum  reflectivity,  it  is  necessary  to  form  smooth,  stable  boundanes  between  thin  films.  It  is 
known  that  spacer  thin  films  of  carbon  are  better  for  X-rays  (4.5  nm  <  X  <  10  nm),  forming  stable  interfaces  without 
interdiffusion  with  most  metals  and  with  an  effective  roughness  ct™.,  =  0.3  nm. 

Due  to  the  great  number  of  periods  required,  at  this  stage  of  our  work  we  chose  to  deposit  fewer  periods  in  ordra  to  have  a 
prior  knowledge  about  thin  films  and  interface  characteristics  for  this  method  The  multilayer  structure  was  obtamed  by 
growing  alternatively  C  and  Ni  thin  films  at  a  fixed  substrate-target  distance  D  =  8  cm.  During  the  fabrication  m  mtial 
layer  of  C  (1.5  nm)  was  deposited  on  the  substrate.  Then  16  layers  of  Ni  (1  nm),  alternating  with  15  layers  of  C  (1.5  nm) 

were  deposited 


3.  RESULTS  AND  DISCUSSION 

3.1  Transmission  Electron  Microscopy  results 

TEM  investigations  have  been  performed  on  a  JEOL  200CX  system  operating  at  200  kV.  Samples  have  been  prepared  by 
the  extraction  replica  techmque. 
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The  corresponding  difiGraction  pattern  of  the  multilayer  structure  revealed  the  complete  oxidation  of  the  Ni  layers  leading  to 
the  fee  NiO  structure  (bunsenite)  with  the  cell  parameter  a  =  4.1769  A.  The  NiO  layers  consist  of  small  ciystallites  (few 
nanometers  size)  which  determine  the  diQuse  aspect  of  the  diffraction  rings. 

The  micrograph  presented  in  Fig.  1  shows  the  cross-section  of  32  alternative  C-Ni  multilayers.  It  is  worth  to  mention  that 
the  layers  smoothness  and  the  uniformity  increase  with  the  distance  from  the  substrate,  as  it  can  clearly  be  observed  from 
the  TEM  micrograph.  These  values  seem  to  reach  a  minimal  stationary  value  after  the  first  10  deposited  layers.  Also,  the 
TEM  micrograph  reveals  a  regular  uniformity  in  our  multilayer  structure  obtained  by  alternating  the  C  and  Ni  layers. 


Fig.  1  Cross-sectional  TEM  image  showing  C-Ni  multilayer  on  quartz  substrate 

3*2  Atomic  Force  Microscopy  measurements 

Using  the  capabilities  of  an  AFM  system,  we  started  a  systematic  approach  of  investigating  the  surface  quality  of  the  final 
multilayer  structure.  The  AFM  measurements  were  performed  at  the  NANOTECH-21  laboratory  using  a  custom  built  DSP- 
controil^  system  [NANOTECH-21,  Magurele-Bucharest,  P.O.  Box  MG-15,  Bucharest,  Romania].  The  optical  deflection 
method  is  used  to  measure  the  bending  of  the  AFM  lever  sensor  by  tip-surface  forces.  For  these  studies  we  used  commercial 
available  microfrbricated  cantilevers.  Using  this  i^stem  we  are  able  to  routinely  measure  atomic  lattice  resolution  on  mica 
and  HOPG  sanq^les,  under  ambient  conditions.  All  results  presented  in  this  work  were  obtained  in  AFM-contact  mode 
experiments. 

In  Fig.  2  is  presented  a  large  area  unage  of  9.3  pm  x  9.3  jiim  recorded  on  the  C-Ni  multilayer  structure.  It  is  obvious  that  the 
end-l^er  surface  quality  depicted  in  Fig.  2  presents  a  high  level  of  smoothness  correlated  with  a  very  low  surface 
roughness. 


Fig.  2  Top  view  AFM-contact  mode  image  of  a  32-multilayer  C-Ni  structure.  The  scanned  area  is  9.3  pm  x  9.3  pm 
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In  order  to  quantify  the  multilayer  surface  quality  we  performed  roughness  calculations  for  a  very  large  set  of  data.  In  oxa 
calculations  we  involved  parameters  like  standard  roughness  and  root-mean-srpiare  roughness.  The  standard  roughness  ts 
defined  as: 


1=1 


(1) 


where  A,  rei^esents  the  hei^t  value  at  each  data  point,  h  represents  the  pofile  mean  value  of  the  surface,  and  N  rq^esents 
the  of  data  points  in  the  analyzed  p-ofile.  Thus,  the  standard  rou^ess  or  the  arithmetic  average  roughness-hei^it, 

refKcsents  the  arithmetic  mean  of  the  deviations  in  hei^t  from  the  fKofile  mean  value,  where  the  profile  mean  value  is 
defined  as: 


1  ^ 

h=-yh, 


i=0 


(2) 


The  root-mean-square  roughness  is  defined  as: 

N 

RMS='^ 

i=l 

The  values  of RMS,  average  height  and  maximum  height  calculated  using  a  large  measurements  statistics  are  posented 
in  Tab.  1. 


N 


Tab.  1  The  measured  values  of  Rs,  RMS,  average  hei^  and  maximum  hei^ 


Ra:  Inml 

RMS  fnml 

Average  height  fnml 

Maximum  height  fnml 

0.76  I 

L07 

4.1 

6.4 

According  to  the  Rs  and  RMS  values  obtained  the  multilayer  surface  roughness  could  be  characterized  as  being  in  the 
nannmptpr  and  sub-nanometer  range,  repesenting  a  high  quaUty  ended  surfece  for  our  reflectors.  The  values  of  the  average 
hright  and  wiavitTunn  height  determined  from  our  measurements  support  strongly  the  very  low  surfece  roughness  and  the 
high  qualify  of  the  reflectors.  As  can  be  observed  from  the  Table  1,  statisticaUy  we  obtained  a  difference  of  only  2.3  nm 
between  the  average  hei^t  and  the  maximum  height  of  the  surface  features  for  scanned  surfaces  of  9.3  pm  x  9.3  pm  This 
strongly  supxnt  the  smoothness  and  the  low  rou^ess  of  our  mirrors  for  relatively  large  investigated  areas. 

Moreover,  trying  to  characterize  and  understand  more  the  qualify  of  our  reflectors,  we  performed  additional  AFM 
involving  tips  with  different  radius  of  curvature.  In  Fig.  3  is  pesented  a  three  dimensional  AFM-contact 
imagpi  of  0.5  pm  X  0.5  pm  acquired  with  an  AFM  tip  having  a  radius  of  curvature  of  about  50  nm. 


Fig.3  Three  >tiin^ginna1  AFM-contact  mode  image  of  a  32-multilayer  C-Ni  structure.  The  scanned  area  is  0.5  pm  x  0.5  pm  and  the 

radius  of  curvature  of  the  tip  used  for  imaging  is  about  50  nm 
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Routinely  we  determine  the  chaiacteiistics  of  the  AFM  tips  involved  in  measurements,  consisting  of  obtaining  a  full  3-D 
image  of  the  cantilever  tip,  the  cantilever  tip  an^e  and  its  curvature  radius.  For  AFM-tip  characterization  we  use  silicon 
calibration  gratmgs  having  tip-like  features  with  symmetry  of  tip  sides,  small  tip  angle  (less  than  20  degrees),  small 
curvature  radius  of  tip  (less  than  10  nm)  [commercially  available  from  NT-MDT  Co.,  Zelenograd  Research  Institute  of 
Physical  Problems,  Moscow,  Russia].  Fig.  4  depicts  a  three-dimensional  image  of  the  silicon  grating  used  for  the  AFM-tip 
characterization,  showing  a  regular  grating  of  tip-hke  features  with  a  distance  periodicity  of  about  2. 12  pm. 


fig.  4  AFM-contact  mode  image  of  a  stiicou  grating  used  for  AFM-tip  characterization.  The  scanned  area  is  4  ptrt  x  4  ftm 

The  AFM-tip  used  of  taking  the  image  presented  in  Fig.  4  is  the  same  one  used  for  acquiring  the  image  from  Fig.  3. 
Analyzing  images  like  one  presented  in  Fig.  4  we  where  ^le  to  determine  the  AFM-tip  cone  angle,  shape,  and  local  radius 
of  curvature.  The  radius  of  curvature  of  the  AFM-tips  is  simply  determined  by  fitting  a  parabola  at  the  apex  of  the  tip-like 
features  presented  in  Fig.  4.  For  the  AFM-tip  involved  in  the  imaging  of  Fig.  4  we  determined  a  cone  angle  of  about  57^  and 
radius  of  curvature  of  about  50  nm. 

In  Tab.  2  are  presented  the  results  obtained  for  the  surface  roughness  of  the  C-Ni  multilayers  using  for  measurements  AFM- 
tips  with  radius  of  curvature  of  about  50  nm  and  of  about  250  nm. 


Tab.  2.  The  measured  values  of  Rs  and  RMS  using  AFM-tips  with  different  radius  of  curvature 


Lever  spring  constant 

Tip  radius  of  curvature 

RMS 

fN/ml 

Inm] 

fnml 

fnml 

0.12 

50 

0.97 

1.23 

0.17 

250 

0.84 

1.07 

^e  results  inesented  in  T^.  2  reveal  in  a  new  light  the  fact  that  the  surface  quality  of  our  C-Ni  deposited  reflectors  is 
indeed  high.  The  fact  that  both  the  Rs  said  RMS  values  for  each  individual  AFM-tip  have  close  values  demonstrate  the  high 
quahty  of  the  surface,  i.e.  the  surface  is  of  a  smoothness  which  gives  a  roughness  almost  constant  for  images  recorded  with 
tips  having  radius  of  curvature  of  about  five  times  different  in  size.  This  represents  a  self-explaining  test  of  surface  quality 
and  is  a  good  example  of  AFM  imaging  where  the  tip-surface  convolution  does  not  play  an  important  role  in  the  surface 
topography  determination.  Note  also  the  small  increase  in  the  surface  roughness  detected  with  the  decreasing  the  tip  radius 
of  curvature. 

In  order  to  determine  the  influence  of  the  multilayer  surface  microstructure  on  scatter  losses  we  performed  power  spectral 
density  (PSD)  function  calculations.  The  PSD  function  is  defined  as  the  square  magnitude  of  the  Fourier  Transform  of  the 
surface  profile.  Therefore,  from  a  line  profile  h(x) : 


56 


PSDif)==  J h(x)  dx  f  (4) 

in  units  of  A^^m,  where:  Z,  is  the  scan  length  [nm],  h(x)  is  the  line  profile  [A],  x  is  the  scanning  coordinate  [pm],  and/is 
the  wave  number  [pm"']. 

Following  a  PSD  analysis  one  can  easily  determine  whether  the  substrate  or  the  fiJm  structure  or  both  are  the  cause  of 
scatter  losses^  The  PSD  curves  of  the  quartz  substrate  and  of  C-Ni  multistructure  <teposited  by  RF  magnetron  spidering 
fw-hnirpiff  are  depicted  in  Fig.  5.  In  the  high  fi-equency  region  the  PSD  curves  are  mainly  determinated  by  the  intrinsic  film 
stmcture  and  in  this  case  are  considerably  decrea^  compared  with  the  PSD  of  the  substrate.  Toward  lower  frequencies,  the 
PSD  of  the  film  ^poaches  the  PSD  of  the  substrate  until  the  curves  finally  coincide.  This  means  that  the  substrate  stmcture 
gives  rise  to  .  The  fact  that  the  PSD  curves  decreases  in  the  hi^  frequency  region  means  that  the  film  does  not 
replicated  the  substrate  roughness  and  the  deposition  parameters  used  for  the  RF  sputtering  (teposition  are  quite  well 
adjusted.  In  order  to  further  reduce  scatter  losses  the  substrate  quality  should  be  improved,  either  by  choosing  a  new 
i^ihstratR  or  by  special  polishing  treatment  of  the  present  substrate. 


Kg.  5  PSD  functions  of  a  quartz  substrate  and  of  a  C-Ni  multilayer  structure  on  this  substrate.  The  PSD  functions  were  obtained  from 

AFM  measurements  with  scan  area  of  9.3  pm  x  9.3  pm 

4.  CONCLUSIONS 

Under  the  deposition  conditions  described  in  the  experimental  details  we  were  able  to  obtain  smooth  layers  of  C  and  Ni  by 
RF  magnetron  sputtering  technique.  The  stractural  characteristics  of  the  multilayer  were  determined  TEM,  the  rou^ess 
and  PSD  spectra  of  the  substrate  and  C-Ni  multilayer  stmcture  by  AFM. 

The  TEM  mpaqimmpntR  indicate  smooth  surfaces,  a  multilayer  stmcture  with  a  continuous  aspect  and  for  toger  penods  the 
smoothing  effect  increases  together  with  the  unifomrity  of  the  layers  .  The  layers  smoothness  and  the  mufonmty  incre^ 
with  the  distance  from  the  substrate.  The  roughness  and  hei^t  measurements  indicate  the  C-Ni  multilayCT  surfece  as  b^g 
in  the  nanometer  and  sub-nanometer  range,  rqjresenting  a  hi^  quality  ended  surface  for  our  reflectors.  Sunilar  conclusions 
regarding  the  reflectors  final  surface  quality  were  obtained  ly  measurements  of  surfece  roughness  involving  AFM-tips  with 
a  large  range  of  tip  radius.  PSD  curves  generated  with  AFM  data  indicates  the  substrate  microstructure  as  being  the  major 
of  scatter.  The  scatter  losses  can  be  reduce  through  the  improvement  of  substrate  polish. 

We  note  that  with  the  knowledge  about  the  film  characteristics  afforded  by  the  complementary  characterization  techmques 
used  in  this  work,  it  should  now  be  possible  to  improve  the  quality  of  the  mirrors  and  its  reflectance. 
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ABSTRACT 

E>uring  the  last  decade  the  interest  in  polymeric  materials  for  second-order  nonlinear  optical  properties  has  been  constantly 
growing.  Th^  combine  structural  electronic  properties,  with  good  thermal  and  mechanical  stability,  a  relatively  low  cost 
and  easy  processability.  The  second  order  nonlinear  optical  (NLO)  properties  of  such  materials  have  electronic  origin,  with 
an  ultra-fast  response  time.  In  the  present  paper,  we  report  the  preparation  and  characterisation  of  a  new  material  with  a 
higher  concentration  of  a  NLO  chromophore.  We  have  synthesised  a  new  ^e  monomer  by  the  phase  transfer  catalysed 
reaction.  We  have  prepared  the  copolymer  with  styrene,  bulk  copolymerization;  the  initiator  was  di-t-butyl  peroxide  at 
120  °C.  We  have  characterised  the  monomer  and  the  copolymer  by  IR;  UV-Vis;  *H-NMR  spectroscopy.  The  glass 
transition  temperature  (To)  and  the  melting  point  have  been  obtained  using  the  differential  scaiming  calorimetry.  For 
studying  the  NLO  properties,  the  samples  have  been  poled  by  the  Corona  poling  method,  in  an  electric  field  of  approx. 
lOOV/pm.  We  have  appreciated  the  second-order  nonlinear  coefficient  by  comparing  the  light  signal  passing  through  the 
sample,  with  the  signi  passing  through  a  standard  quartz  plate. 

Keywords:  nonlinear  optics,  polymeric  materials,  second  harmonic  generation 

1.  INTRODUCTION 

The  area  of  nonlinear  optics  of  organic  molecules  and  polymers  offers  exciting  opportumties  both  for  fimdamental  and 
technological  development.  As  a  result,  in  recent  years,  there  has  been  great  interest  in  the  syiithesis  of  novel  monomers 
and  polymers  with  the  intention  of  producing  materials  having  large  nonlinear  optical  properties  . 

The  electroiuc,  second-order  nonlinearity  is  closely  related  to  microscopic  electroiuc  structure.  The  efficiency  of  the 
nonlinear  optical  process  depends  on  how  easy  it  is  for  the  optical  electric  field  of  the  fundamental  beam  to  polarise  the 
valence  electrons  of  the  molecule  along  the  field  in  a  nonlinear  way*. 


Materials  used  in  guided  optics  and  optical  processing  of  the  information  should  be  characterised  by  high  values  of  their 
electrooptical  coefficients  (both  of  H-nd  and  Hl-rd  order).  A  chromophore  segment  included  in  a  polymer  designed  for 
nonlinear  optics  should  contain  the  following  structural  elements*’  . 

•  an  electron  system  bearing  the  non-linear  signal  of  IH-rd  order; 

•  an  electron  donor  that  strengthen  the  non-linear  signal  of  second  order; 

•  the  acceptor ,  that  orientates  the  non-linear  signal  of  second  order. 

On  the  other  hand  chromophores  accountable  for  NLO  behaviour  must  be  incorporated  into  a  continuous  polymeric 
matrix;  its  essential  properties  have  to  fiilfil  the  following  requirements; 

•  optimal  distribution  of  NLO  chromophore  fiagments; 

•  transparency; 

•  an  stifFhass  (given  by  a  highly  enough  Tg  value)  to  keep  the  arrangement  of  chromophores  in  electrical 


*  Correspondence;  a.albu@tsocm.pub.ro.  Phone:  +401 650  25  14 
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field 

•  the  material  should  be  easily  processable,  i.e.  it  should  present  a  reasonable  molecular  weight  (min.  10"^), 

The  macromolecular  structures  fulfilling  the  above  mentioned  restrictions  may  be  obtained  according  to  alternative 
strategies’^: 

1.  The  chromophore  fragment  may  be  attached  to  a  pre-formed  macromolecular  chain,  through  a  polymer-analogous 
reaction;  this  solution  is  satisfactory,  provided  that  both  the  polymer  and  the  low-molecular  reactant,  respectively,  possess 
condensable  organic  fimctions  to  assure  a  quantitative  conversion  without  any  secondary  reactions. 

2.  A  macromolecular  arrangement  with  a  predictable  architecture  may  be  obtained  throu^  the  copolymerisation  of 
some  monomers  containing  incorporated  chromophore  fragments.  In  this  case,  the  main  restriction  that  must  be  satisfied  is 
connected  with  the  intrinsic  structure  of  monomers  and  their  purity  that  should  not  impede  the  copolymerisation  process; 
the  chain  transfer  should  also  be  limited^. 


The  generation  of  macromolecular  structures  for  NLO  applications  can  be  obtained  by  the  copolymerization  of 
comonomers  having  chromophore  fragments  chemically  incorporated,  with  classical  monomers  such  as  styrene  (S),  methyl 
methacrylate  (MMA)^^. 


In  our  previous  papers,  we  have  highlighted  the  kinetics  of  the  radical  copolymerization  of  CM  with  styrene  or  methyl 

methacrylate  and  the  primary  physical  properties  of  the  reaction  products.  The  preliminary  data  showed  that: 

a.  The  coloured  monomers  (CM)  can  be  incorporated  in  a  glass  matrix  such  as  polymethyl  methacrylate  (PMMA)  or 
polystyrene  (PS)  without  major  difficulties.  The  maximum  level  of  CM  incorporation  is  decided  only  by  the  intense 
transfer  activity  manifested  by  these  monomers  in  radical  polymerisation.  From  the  kinetics  point  of  view,  the 
presence  of  the  CM  does  not  have  delaying  or  inhibation  effects.  On  the  contrary,  even  at  low  concentrations,  they 
increase  the  polymerisation  rate,  thus  being  possible  high  conversion  rates  even  for  reasonable  small  time  intervals”’ 

b.  The  incorporation  of  the  monomer  units  derived  from  CM  in  the  copolymeric  chain  preserves  the  optical  properties 
specific  to  the  chromophore  of  each  structure. 

2.  EXPERIMENTAL 

2.1.  Sample  preparation  and  characterisation 


We  have  synthesised  the  Schiff  base  type  monomer  (Fig.  1)  by  a  serial  of  condensation  reactions. 


N(CH3)2 


Fig.  1  The  structure  of  the  azomethynic  monomer  A1 

The  melting  temperature  of  the  monomer  was  determinate  by  differential  scanning  calorimetry,  using  a  DSC92-Seteram 
calorimeter  and  the  results  are  presented  in  T*.  1.  The  synthesised  monomer  was  characterised  by  the  UV-VIS  absorption 
spectra  using  a  JASCO  spectrophotometer.  The  IR  spectra  have  been  obtained  using  a  FT-IR  Bio  Rad  spectrophotometer. 
The  solvent  was  chloroform. 


Tab.  1  The  UV-VIS  absorption  characteristics  and  the  melting  temperatures  of  the  synthesised  monomer 


monomer 

Xi  (nm) 

8i  (l/mole  cm) 

A.2  (nm) 

82  (l/mole  cm) 

Tt(°C) 

A1 

262 

19  320 

402 

21  930 

108,9 

60 


The  coloiired  monomer  has  two  absorption  spectra,  one  in  the  UV  and  the  other  in  the  visible  range.  The  molar  extinction 
coefficients  are  of  the  order  of  lO'*,  in  foil  agreement  with  the  chemical  structure  of  the  synthesised  monomer. 

The  H’  -NMR  spectrums  have  been  obtained  using  a  Broker  WP  300  installation  and  are  presented  in  Tab.  2. 


Tab.  2  The  rf-NMR  spectrum  for  the  A1  monomer 


R  /  6(ppni) 

A1 

H,C=C 

6,13  and5,57  (2H) 

CH9-CH2-CH2 

2,5  and  8,35  (2H) 

CH9-CH2-CH2 

4,42  and  4,35  (2H) 

H3C-C= 

1,95  (3H) 

-^0) 

7,32  and  6,76  (4H) 

8,1  and  7,94  (4H) 

-CIt=N- 

8,57  (IH) 

-N(CH3)2 

3  (6H) 

As  one  can  observe  from  Tab.  2,  the  interpretation  of  the  H'-NMR  spectrum  is  in  full  agreement  with  the  proposed 
structure.  The  values  for  each  monomer  characteristic  group  are  determined  by  -N(CH3)2. 

The  synthesis  of  the  polymer  was  done  by  the  mass  polymerisation  procedure,  using  as  initiator  di-t-butyl  peroxide,  the 
working  temperature  was  120  °C.  The  copolymers  have  been  separated  by  precipitation  in  methanol.  The  characteristics  of 
the  substrate  and  the  main  features  of  the  synthesised  copolymers  are  presented  in  Tab.  3. 

Tab.  3  The  characteristics  of  the  synthesised  copolymers.  X2:  molar  fraction  of  CM  in  the  substrate;  X2  molar  fraction  of 

CM  in  the  copolymer 


code 

MoT 

(mole/l) 

X2 

X2 

tr 

(hours) 

c 

(%) 

Tg 

(°C) 

^max 

(nm) 

s 

n/mole  cm) 

M, 

S-Al 

j 

*9,77 

0,24 

0,10 

18,00 

50 

92 

248 

402 

28100 

20650 

6  000 

*9,19 

0,11 

0,15 

22,50  i 

30  1 

68 

249 

402 

35910 

19790 

10  000 

For  the  evaluation  of  the  optical  properties,  we  measured  the  absorption  spectra  in  the  UV-VIS  domain  and  we  evaluated 
the  molar  extinction  coefficients. 

According  to  the  data  in  Tab.  3,  for  the  two  proposed  substrates  we  obtained  macromolecular  structures  with  a  high 
contem  of  A1  structural  units.  The  ejqrerimental  proof  that  these  A1  sequences  are  included  in  the  polymer  chain  was 
obtained  by  registering  the  H'-NMR  spectrum  for  the  synthesised  polymers  (CDCI3,  300MHz,  TMS  references).  On  the 
basis  of  these  spectra  we  calculated  the  molar  ratio  of  coloured  monomer  (X2)  in  the  copolymer  structure.  These  values  are 
presented  in  Tab.  3,  together  with  the  initial  composition  of  the  reaction  substrate  (X2). 

For  the  calculation  of  the  molar  extinction  coefficients  of  the  copolymer  we  used  the  copolymer  concentrations  and  their 
composition;  ttins  we  obtained  a  molar  concentration  of  the  A1  structural  xmits,  which  detemune  the  total  value  of  the 
global  extin^on.  The  molar  extinction  coefficients  for  the  copolymers  are  maintaining  the  magnitude  order  of  the 
corresponding  monomers.  We  notice  that  for  the  same  copolymer  structure,  at  the  increase  of  A1  concentration  the  molar 
extinction  coefficients  are  increasing. 
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2.2.  Film  preparation  for  optical  measarements 

Chloroform  solutions  of  the  obtained  polymeric  material  of  12g/dl  concentration  have  been  prepared  and  spread  by 
spinning  on  ITO  (indium  tin  oxide)  covered  glass  plates.  Homogenous  films  of  micrometer  widths  have  been  obtained  and 
poled  in  electric  field  by  the  Corona-poling  technique  at  a  temperature  greater  than  the  polymer  glass  transition 
temperature.  After  a  few  minutes,  the  sample  was  slowly  cooled  down  to  the  room  temperature,  maintaining  the  electric 
field  a]:^lied  The  value  of  the  electric  field  inside  the  sample  was  of  about  lOOV/jxm. 

2.3.  Nonlinear  optical  measurements^ 

The  second  order  nonlinear  coefBcients  dsi  and  das  of  the  poled  polymeric  samples  have  been  measured  using  the 
experimental  set-up  schematically  presented  in  Fig.  2. 

The  principle  of  the  measurement  consists  in  simultaneously  registering  the  second  harmonic  signals  generated  in  the 
reference  quartz  plate  and  in  the  sample.  The  Nd:YAG  laser  beam  1064  nm)  is  TM  polarised.  A  small  part  of  the 
emerging  fi’om  the  prism  light  is  deviated  towards  a  photodiode  PD  and  helps  synchronising  the  oscilloscope. 


Fig.  2  Second  harmonic  generation  experimental  set-up. 

GP:  Gian  prism  polarised;  PD:  photodiode;  LI,  L2:  lenses;  FI:  interferential  filter,  FIR:  infrared  filter, 

FV:  visible  filter,  HWP:  half-wave  plate;  PMl,  PM2:  photomultipliers;  S:  sample;  A:  analyser 

Another  part  of  the  light  is  deviated  towards  the  reference  quartz  plate  (dii=  0.34  pmA^),  where  the  second  harmonic 
signal  is  generated.  The  emerging  from  the  quartz  plate  signal  is  filtered  for  selecting  the  wavelength  X=532  nm,  focused 
and  detected  the  photomultiplier  PM2.  The  numerical  oscilloscope  registered  the  corresponding  electrical  signal. 
Second  harmonic  is  also  generated  in  the  rotating  sample,  the  rotation  being  computer  piloted.  The  emerging  optical  beam 
is  detected  the  photomultiplier  PMl,  and  the  electrical  signals  enter  the  oscilloscope.  The  second  order  nonlinear 
coefficients  have  b^n  determined  comparing  the  intensity  of  the  signals  generated  in  the  reference  quartz  plate  and  in 
the  samples,  the  results  being  presented  in  Tab.  4. 
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Tdj.  4  Physical  characteristics  of  the  S-Al  copolymer 


Property 

S-Al 

quartz 

♦X. 

0,15 

- 

10*M„ 

6 

- 

Tg(”Q 

70 

- 

(nm) 

402 

- 

1064  Dm  A* 

Ilea 

- 

1,534*0,0001 

n2<i> 

- 

1,547*0,0001 

dufpniAO 

- 

0,340*0,0400 

dll  (pmAO 

4,2  ^ 

- 

dll  (pmAO 

12,8 

- 

dii/dii  (pmAO 

2,95 

- 

♦molar  fraction  of  Al, 

♦♦refractive  index  of  the  medium  at  frequency  o, 
♦♦*  refractive  index  of  the  medium  at  frequency  2®; 


Comparing  the  data  presented  in  Table  4  with  the  corresponding  data  given  in  literature,  we  conclude  that  the  S-Al 
structure  is  of  great  interest  for  NLO  applications,  its  NLO  coefficients  being  twice  as  big  as  the  known  classical 
structures^’ 

Analysing  the  data  presented  in  Tab.  4,  we  observe  that  the  nature  of  the  chormophore  bond  is  determinant  for  the  value  of 
the  NLO  coefficients  Thus,  the  structure  with  azomethynic  chromophore  is  characterised  by  high  values  of  the  NLO 
coefficients.  The  presence  of  a  great  number  of  methylen  groups  between  the  chromophore  structure  and  the  methyl 
methacrylate  results  in  an  increase  value  of  the  NLO  coefficients.  A  possible  explanation  of  this  phenomenon  is  the  greater 
flexibility  of  the  chromophore  segment,  thus  fevouring  the  orientation  of  the  macromolecular  structure. 

3.  CONCLUSIONS 

The  monomer  Al  has  been  characterised  by  the  IR,  UV-VIS  and  h’-NMR  spectra,  confirming  the  proposed  structure. 

The  UV-VIS  and  IR  absorption  spectra  show  a  shift  of  the  absorption  level  (UV-VIS)  towards  foe  visible  range  as  a  result 
of  foe  conjugation  of  foe  bafoochrome  and  hypsochrome  effects  of  foe  substitutes  and  a  shift  of  foe  absorption  bands 
qjecific  to  foe  functional  groups  as  a  result  of  foe  internal  electronic  conjugation. 

The  orienting  of  foe  molecular  dipole  (from  left  towards  right)  is  determined  by  foe  strong  electron  donor  effect  showed  by 
foe  -N(CH3)2  group. 

To  render  evident  foe  optical  properties,  foe  most  accessible  analyse  is  the  UV-VIS  absorption,  and  foe  evaluation  of  foe 
molar  extinction  coefficients;  their  values  (of  foe  order  10'')  are  within  foe  limits  given  in  the  literature  for  foe  conjugate 
i^ems. 

The  copolymers  of  foe  Al  monomer  with  foe  styrene  have  been  obtained  by  foe  mass  polymerisation  procedure,  and  are 
characterised  high  molecular  mass  (10^). 

Although  foe  colomed  monomer  fraction  is  relatively  small  (15  %),  foe  analyse  of  foe  UV-VIS  Sorption  spectrum 
renders  evident  the  preservation  of  the  absorption  wavelength  range  and  of  the  magnitude  order  of  foe  molar  extinction 
coefficients.  Consequently,  the  inclusion  of  foe  coloured  monomers  in  saturated  chains  does  not  attenuates  foe  ofrtical 
properties,  but  increases  foem. 
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The  obtained  NLO  coefBcients  for  the  S-Al  structure  are  twice  as  big  as  the  NLO  coefiBcients  of  the  classical  known 

structure. 

These  results  recommend  the  alchyl-methacrylic  structures  as  support  for  the  structures  with  NLO  applications.  Further 

improvement  of  the  optical  properties  can  be  obtained  by  increasing  the  monomer  concentration  in  the  copolymer  and  by 

the  “freezing  in”  the  macromolecular  structure  the  cross  linking  induced  during  poling. 
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ABSTRACT 

It  was  shown  that  the  acoustic  emission  (AE)  intensity  decreases  with  the  increase  of  the  temperature  ^d  relaxation  of  the 
preliminary  deformation  of  the  InP  crystals  and  alternatively  sharply  enhances  with  the  predeformation  degree  rise.  The 
results  obtained  allowed  to  conclude  that  the  emission  process  of  acoustic  waves  is  tightly  related  to  the  both  the 
deformation  (internal)  stresses  and  structure  state  of  defects,  characterizing  the  starting  InP  crystals  before  the  AE  initiation 
by  microindentation. 

Keywords:  acoustic  emission,  InP  crystals,  preliminary  deformation,  deformation  stresses. 

1.  INTRODUCTION 

Many  sections  of  solid  state  physics  are  connected  with  the  propagation  processes  of  waves,  including  the  elastic  ones,  in 
the  crystal  lattice. 

Origination  and  emission  of  elastic  waves  are  significantly  dependent  on  the  material  internal  stresses;  their  value, 
distribution  homogeneity,  stability  and  so  on  ‘  ^  The  different  types  of  defects,  existing  in  the  crystal  lattice,  largely 
determine  the  internal  crystal  stresses  The  effect  on  the  crystal  of  different  external  factors  (temperature,  deformation, 
electricity  etc.)  causes  the  new  defects  formation  or  the  transformation  of  existing  ones  that  leads  to  the  internal  stress 
increase  As  known  the  acoustic  signal  emission  is  connected  with  the  dislocation  movement,  generation  and 

annihilation  of  cracks,  material  failure  Thd  method  of  the  acoustic  emission  (AE)  signals  registration  is  especially 
sensitive  to  the  structure  changes  in  the  solids  ^  The  analogous  result  was  established  for  the  silicium  crystals.  the^AE 
signals  were  occurred  on  the  samples,  contained  the  dislocations  and  were  absent  on  the  samples,  free  from  dislocations 

The  AE  signals  occurrence  in  Si  crystals  attribute  to  the  failure  and  movement  of  the  dislocation  ensembles  under  effect  of 
both  electrocurrent  and  thermoelastic  stresses  The  AE  signals  under  indentor  loading  and  unloading  were  identified  with 
the  formation  and  further  progress  of  cracks  ^ 

So,  the  data  from  literature  show  the  interrelation  of  the  crystal  defects  and  emission  of  the  acoustic  waves.  Therefore  the 
external  action  on  the  crystal  must  be  followed  by  the  AE  characteristic  changes,  resulting  from  the  suitable  dynamical 
structure  rearrangement.  However  such  relation  is  yet  insufficiently  investigated.  This  problem  is  especially  actual  for 
semiconductors,  using  as  a  devices  in  the  different  stress  fields  (mechanical,  thermal,  electrical,  etc.). 

In  this  respect,  the  influence  of  preliminary  deformation,  resulting  in  the  mechanical  stress  formation  in  the  InP  crystals,  on 
the  intensity  of  acoustic  emission,  arising  under  indentation,  was  studied. 

2.  EXPERIMENTAL  PROCEDURE 

The  investigations  were  made  on  the  (1 1 1)  and  (001)  planes  of  pure  and  Fe-doped  InP  crystals,  grown  by  the  Chochralsky 
technique.  The  samples  size  was  amounted  to  1x9x10  mm.  Preliminary  deformation  of  samples  was  performed  by 
scratching  (by  moving  indentor)  along  <110>  directions.  The  indentor  load  for  the  scratches  was  equal  to  20g.  The 


*  Correspondence:  e-mail:  rahvalov@phvs.asm.md 


In  StOEL  '99:  Sixth  Symposium  on  Optoelectronics,  Teodor  Necsoiu,  Maria  Robu,  Dan  C.  Dumitras,  Editors, 
Proc6edings  of  SPIE  Vol.  4068  (2000)  •  0277-786X/00/$  15.00 


65 


deformation  degree  and  accordingly  the  internal  stresses  were  varied  by  the  change  of  the  distance  between  scratches  (d) 
within  20-120  ^m.  So,  depending  on  the  distance  between  scratches,  the  crystal  regions  with  the  different  strength  degree 
(e)  were  formed;  £  is  decreased  with  the  d  increase.  In  addition  to  this  the  different  temperatures  of  preliminary  deformation 
of  samples  (T=293^723K)  as  well  as  their  annealing  at  293K  (the  storage)  during  the  360-720  hours  for  the  sake  of  the 
internal  stress  change  were  also  employed.  The  AE  signals  (N,)  due  to  the  indentor  penetration  as  well  as  ones  during  all 
indentation  process  (N)  were  registered  by  use  of  special  device  Then  the  AN=N-N,  difference  resembles  the  AE  signals 
in  the  indentor  removing  from  the  sample  (indentor  unloading).  The  Vickers  diamond  pyramid  was  used  as  the  indentor. 
The  indentor  loads  were  varied  within  the  limits  100-300g. 

The  direct  observation  of  the  structure  state  of  defects  was  made  using  electron-microscopy  decoration  method.  The 
argentum  and  antrahinon  were  used  as  the  decoration  elements.  The  decoration  of  the  InP  surfaces  was  carried  out  in 
vacuum  of  lO'^mm  of  mercury.  The  transmission  and  scanning  electron  microscopes  were  applied  for  these  investigations. 

3.  RESULTS  AND  DISCUSSION 

3.1.  The  influence  of  the  preliminary  deformation  degree  on  the  acoustic  emission 

From  Fig.  1  it  is  seen  that  all  N,  N,  and  AN  parameters  are  decreased  with  the  d  increase;  that  means  that  AE  signals  number 
fall  with  the  reduction  of  the  degree  of  the  preliminary  deformation  at  293K  of  InP  crystals.  However  the  course  of  the  N(d), 
N|(d)  and  AN(d)  dependencies  is  different.  Fig.  1.  N(d)  dependence  shows  the  three-stage  character:  the  AE  signals  number 
at  the  first  stage  (40-60|xm)  weakly  changes;  sharply  falls  in  the  region  from  60  to  lOOpm  (second  stage)  and  increases 
significantly  within  the  range  of  100-120pm,  figl,  curve  1.  This  result  evidences  that  not  only  the  InP  surface  layer  stress 
state  influences  the  acoustic  waves  initiation  and  propagation,  but  also  other  factors  take  place.  The  N,(d)  dependence 
demonstrates  other  behaviour:  the  Ni(d)  curve  practically  smoothly  falls  down.  Fig.  1,  curve  2. 

N 


Fig.  1  Dependence  of  the  summary  account  of  AE  signals  (N)  on  the 
preliminary  deformation  degree  for  InP  ciystals  during  all  indentation 
cycle  (1);  indentor  penetration  into  sample  (2)  and  indentor  lifting 
(unloading)  from  InP  (3). 

Predeformation  temperature  T,  K;  293. 

f^indentatiion"  =I00g 


Distance  between  scratches 


40  60  80  100  120 


Such  dependence  course  shows  that  the  number  of  AE  signals,  emitted  under  indentor  penetration,  and  the  change  of  the 
preliminary  deformation  degree  of  InP  crystals  correlate  well:  decrease  of  the  predeformation  degree  leads  to  the  N,  fall. 

The  shape  of  the  curve  3,  Fig.  1,  is  analogous  to  the  curve  1;  the  weak  increase  on  the  I  and  III  stages  and  the  sharp  fall  on 
the  II  one  were  occurred.  The  established  N  and  AN  changes  evidence  that  the  acoustic  waves  emission  is  dependent  not 
only  on  the  stress  state  degree  of  the  InP  crystals  preliminary  deformation,  as  N,  (curve  2,  Fig.  1),  but  also  on  the  type  and 
structure  of  the  deformation  defects.  The  latter  is  especially  principal  for  the  AE  signals,  arising  during  indentor  unloading, 
while  the  impulse  relaxation  of  the  deformation  Jesses  occurs. 

Electron-microscopy  investigations  of  the  InP  ciystal  decorated  surfaces  shown,  that  the  preliminary  deformation 
significantly  changes  the  deformation  defects  structure.  Fig.  2. 
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Fig.2  Appearance  of  decoration  surfaces  of  InP  crystals  in  the  deformed  region  (a)  and  out  of  it  (b). 
The  argentum  eas  used  as  a  decoration  element. 


It  is  seen  that  the  distribution  of  Ag  particles  is  different  for  crystal  deformation  region  and  out  of  it:  more  homogeneous 
distribution  of  small  Ag  particles  for  undeformk  crystal  region  and  large  aggregation  of  Ag  particles,  forming  the  bent 
short  lines,  near  the  scratches,  Fig.  2a,  b.  It  is  normal  that  the  different  defects  structure  causes  the  different  stresses  state  of 
crystals  and  therefore  leads  to  the  AE  signals  change. 


3.  2.  The  influence  of  the  preliminary  deformation  temperature 

N  N 


Distance  between  scratches 


(a) 


Distance  between  scratches 
(h) 


Fig.  3  Dependence  of  the  summary  account  of  acoustic  emission  signals  on  the  preliminary  deformation  degree 
(distance  between  scratches)  for  all  indentation  process  (a)  and  indentor  penetration  (b) 

The  preliminary  deformation  temperature  T,  K:  293-1;  423-2;  573-3  and  723-4 


The  state  of  defects,  generated  under  preliminary  deformation,  was  varied  by  the  scratch  temperature  change  in  region  from 
293  to  723K.  The  N  (d)  dependencies  at  293;  423;  573  and  723K  are  presented  on  the  Fig.  3a.  As  it  is  seen  the  N  (d)  curves 
are  (placed)  situated  quite  well:  the  higher  temperature  the  lower  N  (d)  curve  is  placed.  Therefore  the  common  regularity  for 
whole  predeformation  interval  is  revealed:  the  number  of  AE  signals  is  decreased  with  the  preliminary  deformation 
temperature  increase.  Fig.  3a.  The  effect  established  is  pronounced  in  the  region  of  small  d  (40-80pm),  when  the 
preliminary  deformation  degree  of  InP  crystals  in  our  experiments  is  maximum;  and  weak  one  for  low  predeformation 
degree  (d=80- 120pm),  Fig.  3a. 


67 


These  data  are  more  clear-cut  on  the  Fig.  4,  which  the  temperature  dependence  of  N  for  each  of  mentioned  sample  regions, 
d=40|im  (a)  and  d=120pm  (b),  presents.  It  is  seen  that  N(T)  dependence  is  more  strong  for  d=40pm,  than  for  d=120|am, 
Fig.  4. 


N 


Fig.  4.  The  temperature  dependence  of  the  summary  account  of  acoustic  emission  signals  for  sample  regions:  high  preliminary 

deformation  (a)  and  weak  one  (b) 


From  the  Fig.  3a  it  can  be  also  seen  that  number  N  is  decreased  with  the  d  increase  for  all  investigated  predeformation 
temperatures.  However  this  effect  is  reduced  with  the  T  increase  and  for  T=723K  is  practically  absent,  cf  the  run  of  curves 
1  and  4,  Fig.  3a. 

The  last  shows  that  the  stress  state,  developed  by  the  preliminary  deformation  at  high  temperatures  (T>573K),  slight 
influences  the  acoustic  emission  signals,  investigated  under  indentation,  while  the  stress  state  at  293K  is  significant  in  such 
processes.  Fig.  3a.  Noted  well  correlates  with  the  data  of  Fig.3b:  run  of  the  curves  3  and  4  is  practically  independent  of  the 
predeformation  degree. 

The  measurements  of  the  acoustic  signals  under  indentor  penetration  into  the  InP  sample,  in  general,  demonstrate  the 
regularities  analogous  to  those  obtained  for  the  N,  Fig.  3a:  the  N,  is  decreased  with  the  increase  of  preliminary  deformation 
temperature  and  with  the  fall  of  the  mechanical  stresses  of  samples,  Fig.  3b.  However  the  certain  disagreement  takes  place: 
the  curve  2  is  situated  above  than  curve  1,  that  is, irregular.  Fig.  3b.  It  is  possible  that  the  special  conditions  are  formed  under 
preliminary  deformation  at  423K,  which  cause  the  acoustic  emission  intensification.  Latest  perhaps  leads  to  the 
displacement  of  the  curves  1  and  2,  Fig.  3b. 

The  regularities,  analogous  to  the  mentioned  above  forN  (Fig.  3  a),  were  obtained  for  AE  signals  number  AN,  arising  under 
indentor  removal  from  sample:  the  discrepancy  in  this  case  was  not  found. 

The  assumption  above  that  emission  of  the  acoustic  waves,  arising  under  indentation  of  InP  crystals,  is  dependent  on  the 
both  deformation  defects  state  and  mechanical  stresses  is  completely  confirmed  by  the  obtained  results. 

It  is  known  that  the  type  and  structure  state  of  deformation  defects,  internal  stresses,  homogeneity  of  their  distribution  are 
changed  with  the  test  temperature  change  for  all  crystals,  including  InP  ones^'^’ 

Especially  the  surface  layer  of  InP  crystals  is  sensitive  to  the  test  temperature:  the  surface  is  oxidised  and  InP  ciystals  are 
decomposed  at  T>700K  The  type,  number  and  structure  state  of  the  deformation  defects  with  the  test  temperature  change 
are  affected  too.  So,  under  bending  of  InP  crystals  in  the  temperature  interval  573-973K  the  authors  of  the  paper  did  not 
observed  the  microtwins,  while  the  twins  formation  in  the  mechanical  testing  is  typical  of  InP  crystals.  With  the  temperature 
rise  the  dislocations  number  and  their  role  in  the  deformation  processes  under  microindentation  of  the  InP  crystals  are 
significantly  increased,  t.  e.  the  dislocation  plasticity  becomes  more  appreciable  ^ 
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This  fact  is  correlated  with  our  data,  Fig.  5.  The  structure  change  of  the  deformation  zone  within  the  indentations  with  the 
test  temperature  variation  is  demonstrated  on  thejig.  5, 


Fig.  5  The  (001)  plane  of  the  indendation  zone  at  293  (a)  and  603  (b)  temperatures. 
The  samples  surface  was  decorated  by  the  antrahion.  P=200  g 


It  is  seen  that  the  clear  slip  bands,  besides  the  cracks,  in  the  region  within  the  indentation,  made  at  603K,  are  observed, 
while  the  similar  bands  at  293K  are  absent.  Fig.  5.  The  obtained  result  the  ever-increasing  role  of  the  dislocation  mechanism 
under  InP  indentor  deformation  with  the  temperature  increase  from  293K  to  693K  evidences  and  it  is  well  agreed  with  the 
conclusion  of  the  article  Alternatively,  the  plasticity  enhancement  is  followed  by  the  elastic  stresses  relaxation. 
Therefore,  it  can  be  regarded  that  the  elastic  stresses  of  the  predeformed  InP  crystals  are  reduced  and  also  the  deformation 
defects  spectrum  is  changed  in  the  test  temperature  rising.  This  allows  to  propose  the  possibility  of  the  M  crystal  elasdc 
supertensions  initiation  as  a  result  of  the  predeformation  at  423K,  that  gives  rise  to  the  elastic  waves  emission.  That  is  quite 
normal  that  such  state  of  the  mechanical  stresses  influences  at  first  the  acoustic  emission,  arising  under  indentor  penetration. 
Additional  deformation,  introduced  during  indentor  penetration,  perhaps,  assists  the  stress  state  change  of  the  predeformed 
regions  of  the  InP  crystals.  Accordingly  the  AE  signals  number  under  indentor  removal  from  the  samples  the  other  character 
of  the  temperature  dependence  revealed.  The  last  resulted  in  the  same  dependence  for  the  N,  Fig.  3a. 

3. 3.  The  influence  of  the  crystal  storage  on  the  acoustic  waves  emission 

With  the  sake  of  the  change  of  stress  state,  formed  during  preliminary  deformation  (scratching),  the  sample  storage  at  293 K 
was  performed.  The  storage  time  was  varied  in  the  range  from  360  to  720  hours,  in  certain  cases  to  5  months.  It  is  known 
that  the  storage  (annealing  at  room  temperature),  as  a  rule  leads  to  the,  leads  to  the  self-correcting  of  the  crystal  defects 
structure,  and  to  the  minimising  of  the  mechanical  overstresses.  Therefore  the  regularities  study  of  the  acoustic  signals 
emission  before  and  after  storage  of  the  predeformed  InP  crystals  will  be  promote  the  elucidation  of  the  elastic  overstresses 
role  for  the  generation  and  spread  of  such  waves  in  the  crystals. 

It  was  established  that  the  number  of  AE  signals  after  crystal  storage  are  significantly  decreased,  fig.  6.  It  is  seen  that  the 
curves,  characterizing  the  emission  after  storage,  are  mainly  placed  lower  than  those  before  annealing,  fig.  6a,  b,  c,  curves  1 

and  2 

The  storage  of  samples,  predeformed  at  293  and  723K,  the  AE  signals  number  decrease  causes  too. 

So,  it  can  be  concluded  that  the  mechanical  overstresses  of  InP  crystals  influence  the  acoustic  waves  emission  and  their 
relaxation  leads  mainly  to  the  decrease  of  the  AE  signals  number. 


*'  It  must  be  mentioned,  that  this  effect  for  the  AE  signals  under  indentor  penetration  is  not  clear-cut;  for  d-40  and  100pm 
Ni  is  even  increased  after  storage.  Fig.  6b. 
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N-Nl 


N  N1 


Fig.  6  The  AE  signals  number  dependence  on  the  degree  of  preliminary  deformation  at  573K  for  all  indentation  cycle  (a),  under  indentor 
penetration  into  sample  (b)  and  under  unloading  one  (removal  from  sample)  (c). 

Curves  1 -before  and  2-after  samples  storage  during  370  hours. 


However  the  opposite  phenomenon  for  the  InP  samples,  predeformed  at  423K,  was  observed,  fig,  7.  It  is  seen  that  the 
curves  2  are  situated  higher,  but  not  lower,  than  curves  1,  fig.  7a,  b.  The  same  effect  for  the  Nj  parameter  is  occurred  too. 
That  means  that  the  acoustic  signals  number  upder  indentation  of  the  aged  InP  crystals  is  larger,  than  that  one  for  the 
samples  before  aging.  It  was  mentioned  above  about  the  peculiarities  of  the  results,  obtained  on  the  InP  crystals, 
predeformed  at  423K,  Fig.  3b.  For  explanation  unusual  phenomenon  the  assumption  about  the  specific  state  of  the  surface 
layer  deformation  defects  and  mechanical  stresses,  arising  during  the  InP  crystals  predeformation  at  423K,  was  proposed. 

The  investigation  of  the  microstructure  around  the  indentations  by  means  the  scanning  and  light  microscopes  shown  that  the 
InP  samples,  predeformed  at  423K,  after  storage  become  more  fragile,  while  the  samples,  predeformed  at  293K,  573K  and 
723  K,  on  the  contrary,  become  more  plastic.  The  last  well  correlates  with  data  of  the  paper  Unusual  behaviour  of  the  InP 
crystals,  heated  to  the  423K,  was  also  observed  under  study  of  the  temperature  dependence  of  microhardness  H:  H  was 
higher  at  423K  than  at  293K  It  is  known  that  the  strength  increase,  as  a  rule,  is  followed  by  the  brittleness  enhancement. 
In  this  respect  our  result  and  data  from  paper  are  agreed.  Accordingly  it  can  be  concluded,  that  the  reason  of  the  acoustic 
waves  emission  intensification  is  the  brittleness  increase  of  the  InP  crystals,  preliminary  heated  and  deformed  at  423K.  This 
fact  is  rather  connected  with  the  specific  state  of  the  mechanical  stresses  and  deformation  defects  structure,  i.  e.  with  the 
internal  stresses. 


N  N 


at  423 K  for  all  indentation  cycle  (a)  and  under  indentor  unloading  (b). 
Curve  (1)  —  before  and  (2)  —  after  samples  storage  during  5  months. 
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The  obtained  under  antrahinon  decoration  of  InP-pure  and  InP-Fe  samples,  shown  that  the  surface  state  of  InP  crystals 
is  connected  with  their  strength  and  impurity  content.  It  was  established  that  the  decoration  ratio  for  pure  InP  in  comparison 
with  the  Fe-doped  ones  is  sharply  different;  the  antrahinon  particles  were  not  practically  deposited  on  the  pure  InP  crystals 
surfaces  and  settled  on  the  InP-Fe  surfaces.  This  fact  evidences  the  unusual  surface  state  of  InP  crystals,  doped  by  Fe  and 
allows  to  propose  that  this  phenomenon  is  probably  due  to  the  inadequate  surface  electrical  properties  of  pure  and  Fe-doped 
InP  crystals-  the  impurity  introduction  leads  to  the  surface  change  increase  for  these  objects. 

It  is  necessary  to  note  that  the  microhardness  and  number  of  AE  signals  under  indentation  were  higher  for  InP-Fe  than  for 
pure  InP. 

So,  the  obtained  results  allow  to  conclude  that  the  emission  process  of  acoustic  elastic  waves  is  tightly  related  to  the  both 
deformation  (internal)  stresses  and  structure  state  of  defects,  characterizing  the  starting  InP  crystals  before  the  AE  initiation 
and  propagation. 
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Synthesis  parameters  influence  on  optical  properties 
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ABSTRACT 

These  paper  present  flie  wet  synthesis  method  of  high  purity  cadmium  and  zinc  sulphides  for  phosphors.  As  row  materials 
are  used  zinc  sulphide,  cadmium  sulphide  and  cadmium-zinc  sulphide  in  order  to  obtain  a  large  types  of  pho^hors.  These 
phosphors  have  incorporated  in  base  structure  well-defined  quantities  of  dopants.  Changes  of  dopants  and  thermal  treatment 
must  be  obtained  different  wavelength  of  emitted  radiation  and  different  optic  efficiency.  Thus,  ZnS  hex:Cu  emits  at  561nm 
(green  colour)  with  optical  efficiency  90  %  opposite  to  zinc  silicate,  ZnS  cubiCu^Ag  emits  at  528  nm  (^een  colour)  with 
optical  efficiency  200  %,  ZnS  hex:Cu  emits  at  516  nm  (green  colour)  with  optical  efficiency  100  %,  ZnS  cub:Zn  emits  at 
470  nm  (blue  colour)  with  optical  efficiency  190  %,  ZnS  cub:Ag  emits  at  455  nm  (dark-blue  colour)  with  optical  efficiency 
220  %,  (Zn,Cd)S:Ag  emits  at  565  nm  (yellow  colour),  556  nm  (yellow-green  colour),  550  nm  (yellow  colour),  540  nm 
(g£Qen  colour),  537  nm  (^een  colour)  or  528  nm  (green  colour)  with  optical  efficiency  370  %  opposite  to  zinc  silicate, 
(ZnS,  Cd):Cu  emits  at  530  nm  and  528  nm  (green  colour)  with  optical  efficiency  140  %  opposite  to  zinc  silicate. 

The  utilised  zinc  sulphide  must  have  a  special  purity.  Was  established  that  any  impurities  with  greater  concentration  than  10‘ 
^-10  ^  %  modify  more  or  less  the  properties  of  product.  Practically  was  established  that  materials  utilised  for  above- 
mentioned  purpose  must  have  99.99  —  99.999  %  level  purity  .The  control  of  reaction  mechanism  in  order  to  achieve  the  best 
yield  reaction,  in  the  same  time  with  an  advanced  purification  was  experimented.  Were  achieved  phosphors  with  400  -  600 
nm  emission  ranges.  Also,  influence  of  material  parameters  (particle  size  distribution,  chemical  homogeneity,  stracture)  on 
luminescence  emission  parameters  was  studied. 

Keywords:  luminescence,  pho^hors,  high  purity,  zinc  sulphides,  cadmium  sulphides,  cadmium  and  zinc  sulphides 

1.  INTRODUCTION 

The  researches  in  this  field  are  oriented  toward  the  obtaining  of  pho^hors  panels,  plate  colour  TV  display  and  fool-colour 
panels.  The  purpose  of  this  study  is  the  investigation  of  chemical  equilibrium  and  synthesis  reactions  of  base  zinc  sulphide 
phosphors  and  the  doping  of  crystalline  structure  for  obtaining  optimal  optical  properties. 

The  luminescence  is  a  radiation  process  in  which,  by  absorption  of  energy,  the  materials  generate  a  characteristic 
nonthermic  radiation. 

W^e  tried  many  methods  for  zinc  sulphide  synthesis  and  finally  was  used  the  obtaining  method  by  ZnS04  and  Na2S203.  The 
method  is  very  simple  without  complicated  installations.  The  starting  solutions  was  purified  in  many  stages  with  porpoise  to 
reach  an  impurities  level  better  than  10“^. 

The  blend  of  zinc  sulphide  and/or  cadmium  sulphide,  sulphur,  fondants  and  activators  ware  calcinated  in  nitrogen 
atmosphere  at  600-900  °C.  After  quenching  at  room  tenq)erature,  &e  powder  was  grided  with  1  %  sulphur  in  wet  medium, 
was  dried  and  calcinated  again  in  nitrogen  atmosphere.  This  treatment  is  made  at  900-1250  and  different  times,  taking 
into  accounts  the  type  of  phosphorous. 

The  utilised  compositions  in  experiments  are: 

•  cub-ZnS:Cu  100gZnS  +  2gNaCl+0,01gCuCi2 

•  hex-ZnS:Cu  100gZnS+ 2gNaCl+ 0,01gCuCl2 

^Correspondence:  Email:  cristi@  matpur.ro;  Fax:  (401)255  01  48;  Telephone:  (401)  255  69  00/188 
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hex-ZnS;Cu 


•  hex-aiS;Cu,Ag 

•  cub-ZhS:Ag 

•  hex-ZnS:Ag 

•  hex-ZnS(48)CdS(52):Ag 

•  hex-ZnS(86)CdS(14):Ag 


lOOg  ZnS  +  2g  NaCl  +  0,01g  CuQa 
lOOg  ZnS  +  2g  NaCl  +  0,02g  CuClz  +  0,032g  AgNOj 
lOOg  ZnS  +  2g  NaCl  +  0,016g  AgNOj 
lOOg  ZnS  +  4g  NaCl  +  0,0 16g  AgNOs  +  2g  BaClj 
48g  ZnS  +  52g  CdS  +  2g  NaCl  +  0,016g  AgNOj 
86g  ZnS  +  14g  CdS  +  Ig  NaCl  +  0,015g  CuCla  +  2g  BaClj 


2.  EXPERIMENTS 

Padmiiitn  and  zinc  sulphide  preparation  for  pho^hors  is  a  hard  operation  because  of  required  hi^  purity  level.  Synthesis 


reactions  are: 

ZnS04  +  2Na2S203  ^  2jiS  +  2Na2S04  +  SO2  +  S  (1) 

CdS04  +  2Na2S203  ->  CdS  +  2Na2S04  +  SO2  +  S  (2) 

This  method  is  preferred  because  of  small  reagent  necessary  and  a  good  possibility  of  separation  of  products.  Was  utilised  a 
molar  ratio  MSO4  /  Na2S203  =  1/2  (M  =  Zn,  Cd).  Used  row  materials  are  successively  purified  at  99.99  %  -  99.999  %. 

Reaction  mechanism  is  very  complicated  and  controversed  \ 

ZnSO^  +  Na  S  0,  ZnS,0  +  Na  SO4  (3) 

ZnS  0,  +  HO  ^  ZnS  +  H  SO4  (4) 

Z11SO4  +  Na2S203  +  H2O  >  ZnS  +  Na2S04  +  H2SO4  (5) 

H2S04  +  Na2S204^H2S203  +  Na2S04  (6) 

H2S2O3  -»  H2O  +  SO2  +  S  (T) 

ZnS04  +  2Na2S203  ZnS  +  2N  a2S04  +  SO2  +  S  (8) 

9SO2  +  2Na2S203  -»  Na2S206  +  Na2S306  +  4Na2S406  (9) 

S„Ot  +  2H2S0^  +  ^-  +  (n-3)S  (10) 

Na2S406  +  2H20^2H2S04  +  Na2S  +  S  (H) 

Na2S306  +  2H2O  ^  2H2SO4  +  Na2S  (12) 

S„0/- - >  so/-  +  SO2  +  (n-2)S  (13) 

Na2S206  - ■  >  Na2S04+S02  (14) 

M  S0 

Na2S306  - - — - — >  Na2S04  +  S02+S  (15) 

M  SO 

Na2S40«  - ^  Na2S04  +  SOj  +  2S  (16) 

ZnS04  +  Na2S->ZnS  +  Na2S04  (12) 

H2SO4  +  Na2S204  H2S2O3  +  Na2S04  (18) 

H2S203-^H20+S02  +  S  (19) 

ZnS04  +  4Na2S203  ->•  ZnS  +  4Na2S04  +  4S  (20) 
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H2SO4  +  2NH4OH  ->  (NH4)2S04  +  2H2O 

(21) 

ZnS04  +  2NH4OH  Zn(OH)2  +  (NH4)2S04 

(22) 

2Zii(OH)2  +  3S  2ZnS  +  S02t  +  2H2O 

(23) 

S  +  02^S02t 

(24) 

By  thermic  and  dynamic  control  of  process  was  achieved  the  slowness  of  reaction  (9)  and  the  enhance  of  reactions  (10,13), 
decreasing  Na2S203  used  quantity.  On  the  other  hand  NH4OH  introducing  in  reaction  (21)  fecilitate  reaction  (5)  and  limit 
reaction  (6),  SO2  emission  and  reaction  (9). 

Using  as  reagent  a  mixture  of  ZnS04  and  CdS04  (with  required  Zn/Cd  ratio),  result  a  cadmium-zinc  sulphide  with  30  % 
sulphur  and  a  small  quantities  of  hydroxide  in  saturated  sodium  sulphate  solution.  The  precipitate  was  washed  with 
deionizated  water  until  total  removing  of  ions  sulphate.  The  precipitate  was  calcinated  at  400-800  in  nitrogen  stream  for 
sulphur  removing  (reactions  23, 24).  The  achieved  product  was  washed  with  acetic  acid  for  traces  zinc  oxide  removing,  then 
wife  water  to  neutral  pH  and  finally  wife  acetone.  Drying  was  made  at  100-120  °C. 

This  method  is  able  to  obtain  a  stoechiometric  zinc  and  cadmium  sulphide  wife  99.99-99.999  %  purity  and  submicronic 
grains  This  powder  was  used  for  phosphors  synthesis. 

Starting  firom  several  weU-known  compositions,  was  realised  a  mixture  of  sulphides  and  dopants,  wife  was  wet  grided,  dried 
and  again  dry  grided.  The  powder  was  calcinated  at  700-900  °C.  After  fee  powder  was  grided  wife  1  %  sulphur  and  again 
calcinated  in  nitrogen  stream  at  900-1200  and  dijfferent  times  related  to  types  of  phosphor. 

Was  obtained  zinc  sulphide  and  cadmium-zinc  sulphide  phosphors  doped  wife  copper  and/or  silver  and  was  characterised 
regarding  composition,  particle  size  distribution  and  optical  efficiency,  UV  excited. 

3.  RESULTS 

The  results  presented  in  this  paper  were  obtained  in  MATPUR  laboratory. 

The  characterisation  was  made  wife  PERKIN-ELMER  and  KARL  ZEISS-JENA  spectrophotometers.  Particle  size 
distribution  was  determinate  wife  lAUC  laser  analyser.  Microstructure  was  determinate  wife  KARL  ZEISS-JENA  optical 
microscope.  Chemical  analyses  for  impurities  were  made  wife  induced  coupled  plasma  spectrometer  ICP  3000. 


Tab.  1  Optical  parameters  variation  {7^^  -  maximum  of  emission  curve  excited  at  365  nm;  H  -  brightness  compare  wife 
antracen  etaion;  A  -  optical  efficiency  compare  wife  antracen  etalon)  fimction  of  dopants,  treatment  temperature  and 
treatment  time. 


Nr, 

crt. 

Phosphor 

Synfeesis 

temperature 

pci 

Treatment 

time 

[hours] 

Dopants 

[ml] 

[nm] 

H 

[%] 

A 

[%] 

/ 

2 

3 

4 

5 

6 

7 

s 

9 

1. 

ZnS 

940 

2 

AgNO3(0.56) 

NaCl(8.3) 

450 

36 

74 

2. 

ZnS 

950 

1 

AgNOj  (0.44) 

NaCl(6.6) 

455 

72 

96 

3 

ZnS 

950 

2 

AgNO3(0.44) 

NaCI(6.6) 

455 

80 

102 

4 

ZnS 

950 

4 

AgNO3(0.44) 

NaCl(6.6) 

455 

95 

148 

5 

ZnS 

950 

4 

AgNO3(0.44) 

NaCl(6.6) 

455 

96 

157 

6. 

ZnS 

950 

4 

AgNO3(0.44) 

NaCl(8.6) 

455 

86 

137 

7. 

ZnS 

980 

2 

AgN03(0.50) 

Naa(7.8) 

455 

90 

150 

8. 

ZnS 

1000 

4 

AgN03(0.70) 

NaCl(ll.l) 

435 

23 

45 

9. 

ZnS 

1050 

2 

AgNOj  (0.28) 

NaCI(5.3) 

440 

59 

78 

74 


I 

2 

3 

4 

5 

6 

7 

8 

9 

10, 

ZnS 

1100 

1 

AgNOs  (0.56) 

NaCl(8.3) 

430 

54 

56 

11 

ZnS 

1200 

2 

AgNO3(0.44) 

NaCl(6.6) 

435 

105 

170 

12. 

ZnS 

850 

1 

CuCl2(2.55) 

NaCl(6.6) 

526 

36 

70 

13. 

ZnS 

900 

1 

CuCl2(2.55) 

Naa(6.6) 

526 

62 

96 

14. 

ZnS 

900 

2 

CuCl2(2.55) 

NaCl(6.^ 

526 

80 

102 

15. 

ZnS 

900 

4 

CuCl2(2.55) 

NaCl(6.6) 

526 

95 

148 

16. 

ZnS 

950 

1 

Cua2(2.55) 

NaCl(6.6) 

526 

86 

137 

17. 

ZnS 

950 

2 

CuCl2  (2.55) 

NaCl(6.6) 

526 

96 

157 

18. 

ZnS 

1000 

1 

CuCl2(2.55) 

NaCl(6.6) 

526 

90 

155 

19. 

ZnS 

1000 

2 

CUCI2  (2.55) 

NaCl(6.6) 

526 

98 

145 

20. 

ZjtS 

1000 

1 

CUCI2  (2.55) 

NaCl(6.6) 

526 

97 

150 

21. 

ZnS 

1000 

2 

CuCl2(2.55) 

NaCl(6.6) 

526 

85 

100 

22. 

ZnS 

1050 

1 

CuCl2(2.55) 

NaCl(6.6) 

526 

90 

138 

23. 

ZnS 

1200 

1 

CuCl2(2.55) 

NaCl(6.6) 

516 

80 

112 

24. 

ZnS 

1200 

2 

CUCI2  (2.55) 

NaCl(6.6) 

516 

73 

98 

25. 

ZnS 

1250 

1 

CuCl2(2.55) 

NaCl(6.6) 

516 

66 

89 

26. 

ZnS 

“ - 1 

1250 

2 

CuCl2(2.55) 

NaCl(6.6) 

516 

59 

85 

27. 

ZnS 

1300 

1 

CuCl2(2.55) 

NaCl(6.6) 

516 

51 

80 

28. 

ZnS 

1200 

1 

AgN03+CuCl2 
(3.7+ 5.1) 

NaCl(6.6) 

513 

10 

24 

29. 

ZnS 

1200 

1 

AgN03+CuCl2 
(0.8 +5.1) 

NaCl(6.6) 

513 

48 

7 

30. 

ZiiS 

1200 

1 

AgN03+CuCl2 

(0.4+2.55) 

NaCl(6.6) 

513 

76 

118 

31. 

ZnS 

1250 

1 

AgNOs+CuCt 

(0.4+2.55) 

NaCl(6.6) 

513 

61 

90 

32 

ZnS 

1300 

1 

AgN03+CuCl2 

(0.4+2.55) 

NaCl  (6.6) 

513 

48 

84 

33 

ZnS(48)CdS(52);Ag 

940 

1 

AgNO3(0.44) 

NaCl(6.6) 

537 

81 

175 

34 

ZnS(86)CdS(14):Cu 

1250 

1 

CuCl2(2.55) 

NaCl  (6.6) 

560 

55 

101 

75 


The  influence  of  processing  conditions  of  zinc  sulphide  phosphor  was  studied.  A  stu^  regarding  grain  growing  of  phosphor 
function  of  treatment  time  and  temperature  was  made.  Also  the  phosphors  was  characterised  by: 

a.  position  of  maximum  of  emission  curves; 

b.  brightness 

c.  optical  efficiency, 

d.  particle  size  distribution; 

e.  quenching  time 


Fig.4.  Optical  parameters  correlation  (optical  efficiency,  quenching  time)  of  zinc  sulphide  phosphors 

dop^  with  copper  and  silver. 

The  optical  properties  of  phosphors  were  correlated  wifli  pocessing  conditions  and  their  influences  upn  phosfdiors 
ZnSrCu,  ZnS:Cu,Ag,  (Zn,,Cdi.OS:Ag  si  (Zn,eCdi-x)S:Cu. 
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Transparent  ferroelectric  ceramic  from  chemical  synthesized  powders 

S.Jinga*,  C.Onose 

MATPUR  S.A.  Sos.Garii  Catelu  nr.5, 7361 1  Bucharest,  ROMANIA 


ABSTRACT 

Chemical  synthesis  by  concomitant  precipitation  of  metallic  ions  for  obtaining  a  PLZT  10/65/35  composition  starting  from 
hydroxides  and  oxalates  was  made.  Another  task  was  the  sintering  of  oxide  powders  obtained  by  thermal  decomposition  of 
synthesised  precipitates  using  hot  pressing  method  followed  of  heat  treatment  in  oxygen  stream. 

Keywords:  copredpitation,. synthesis,  PLZT,  transparent  ferroelectric  ceramic. 

1.  INTRODUCTION 

An  electrooptic  ceramic  is  a  transparent  aggregate  of  ferroelectric  single  crystal  grains,  grain  size  can  be  varied  over  a  wide 
range  of  values  (0.5p.m  to  SOjxm)  depending  on  chemical  composition  and  method  of  fabrication,  and  optical  transmittance 
in  visible  and  near  infrared  .  Although  individual  grains  are  anisotropic,  the  material  is  isotropic  at  a  macroscopic  scale, 
since  crystallographic  axes  are  oriented  at  random  and  anisotropy  is  averaged  out.  Electrooptic  ceramics  have  a  number  of 
advantages  over  single  crystals.  These  advantages  are:  l.less  expensive  fabrication  procedures;  2.possibility  of  preparing  a 
wide  range  of  sizes  and  shapes;  3. controlled  orientation  of  optic  axis;  4.design  of  optical  and  electrooptical  properties  by 
properly  adjusting  composition  and  fabrication  parameters.  The  formula  for  PLZT  ceramic  is  Pbi,xLax(ZryTii.y)03  and  the 
structure  is  that  of  the  perovskite  ABO3,  where  Pb^^  and  La^^  occupy  A  sites  and  Zr^^  and  Ti^^  the  B  sites  octahedrally 
coordinated  to  O.^’^  As  a  general,  the  preparation  of  transparent  ceramics  is  a  difficult  task,  requiring  very  careful  synthesis 
and  fabrication  procedures. 


2.  EXPERIMENTS 

The  purpose  of  our  study  was  chemical  synthesis  by  concomitant  precipitation  of  metallic  ions  for  obtaining  a  PLZT 
10/65/35  composition  starting  from  hydroxides  and  oxalates  Another  task  was  the  sintering  of  oxide  powders  obtained 
by  thermal  decomposition  of  synthesised  precipitates  using  hot  pressing  method  followed  of  heat  treatment  in  oxygen 
stream.  Consequently,  steps  are:  chemical  synthesis  of  every  hydroxide  and  oxalate,  thermal  decomposition  of  these 
precipitates,  concomitant  precipitation  of  hydroxides  and  oxalates,  thermal  decomposition  of  complex  precipitates,  hot 
pressing  of  synthesised  oxide  powders,  heat  treatment  in  oxygen  stream  of  ceramic  for  improved  the  optical  and  electrical 
properties. 

Sintering  conditions  concerning  both  types  of  oxide  powders  obtained  by  common  route  starting  from  oxides,  or  precursor 
decomposition  are  presented  in  the  following  tables. 


Tab,  1  Processing  conditions  of  transparent  ferroelectric  ceramic  obtained  by  hot  pressirig  in  reducing  atmosphere 


Could 
press 
_ [kgf] 

Intermediate 

temperature 

fmin/^Cl 

Temperature 

rc] 

Time 

[min] 

Force 

[kgf] 

Diameter  die 
[mm] 

Atm 

1 

300 

30/700 

1200 

60 

1900 

20 

argon 

2 

400 

30/600  and  30/920 

1200 

60 

1900 

20 

argon 

3 

400 

30/600 

1000 

35 

1900 

20 

argon 

4 

400 

30/600 

800 

30 

1900 

20 

argon 

5 

1000 

120/600 

900 

30 

1900 

20 

argon 

♦Correspondence:  Email:  sjinga@  matpur.ro;  Telephone:  (401)  255  69  00/188,  Fax:  (401)255  01  48 
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Tab.  2.  Sintering  conditions  and  stoichiometric  correction  of  electrooptic  ceramic _ _ _ 

Intennedi^e  Temperature  Time  Pressure^  Thennal  treatment  of  sintered  ceramic  in  oxygen 
temperature  pC]  [miB]  [kgfi^inm^]  stream 


temperature 

min/^C 


30/600 

800 

10 

30/600 

1000 

15 

140/600 

900 

75 

60/600 

900 

60 

60/600 

1000 

15 

30/600 

1000 

25 

1200 

2 

30 

1200 

2 

30 

1200 

2 

35 

1200 

2 

35 

1200 

2 

35 

1200 

1 

40 

1  1200 

1 

40 

120/600 


Support 


alumina 


alumina 


alumina 


alumina 


alumina 


latinum 


latinum 


platinum 


Tab.  3.  Processing  conditions  of  electrooptic  ceramic  obtained  by  hot  pressing  from  oxide  powders  as  result  of  inorganic 
precursors  decomposition 


Support 


platinum 


platinum 


platinum 


latinum 


latinum 


Precorsors 

Temperature 

Time 

[min] 

L 

1 -hydroxides  and 
oxalates 

1150 

20 

2-  hydroxides  and 
oxalates 

900 

20 

3-oxalates 

mixture 

900 

30 

4-  oxalate  mixture 

750 

30 

5-hvdroxides  mixture 

750 

30 

3.  RESULTS 

The  optimal  values  obtained  for  the  processing  parameters  are: 

-chemical  synthesis  of  every  hydroxide  and  oxalate  -  basic  pH  >  9.5; 

-thermal  decomposition  of  these  precipitates  -  300-700  °C  depending  on  precipitate; 

-concomitant  precipitation  of  hydroxides  and  oxalates  -  pH=9; 

-thermal  decomposition  of  complex  precipitates  -  temperature:  500  °C; 

-hot  pressing  of  synthesised  oxide  powders:  -  temperature  range:  1000-1200  ®C, 

-  pressing  time:  1-3  hours; 

-  pressure:  7  kgfrmm^; 

-heat  treatment  in  oxygen  stream  of  ceramic  for  improved  the  optical  and  electncal  properties  -  treatment  time:  2-24  hours; 
treatment  temperature:  1200  X. 

In  the  following  figures  and  Table  4  are  presented  thermal  conditions  of  precursor  decomposition  ,  TG,  DTG,  and  DTA 
curves,  and  endothermic  and  exothermic  effects  during  thermal  analysis. 
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Tab»  4.  Behavioiir  of  complex  composition  of  PLZT  at  heating. 


Temperature  (^C) 

Weight  loss  (%) 

Thermal  effect 

hydroxides  and 

25-1000 

34.27 

oxalates 

25-290 

5.71 

endothermic 

290-430 

3.81 

endothermic 

430-585 

15.36 

585-950 

9.65 

oxalates 

25-1000 

39.14 

25-220 

6.2 

endotiiennic 

220-370 

17.86 

exothermic  (max.350OC) 

370-510 

7.3 

exothermic  (max.392®C) 

510-800 

7.78 

>900 

b^inning  of  exothermic  effe 

beginning  of  exothermic  effect 


Fig.  4  TG,  DTG  and  DTA  curves  of  PLZT  10/65/35  from  oxalates 


After  Ag  electrodes  deposition,  the  electrical  characteristics  of  the  sintered  body  were  measured.  The  values  of  relative 
permittivity  of  hot  pressed  sintered  PLZT  ceramics  and  bulk  density  are  presented  in  Table  5. 


Tab.  5.  Electrical  measurements  and  bulk  density  of  PLZT- 10/65/3 5  electrooptic  ceramic 


Sample 

Equivalent 

circuit 

Capacity 

Cp 

[nF] 

Loss 

tgS 

[10-^] 

Resonance 

frequency 

(R) 

(Fr/ReZ) 

FMHz/Ql 

Antiresonance 

frequency 

(Fr/ReZ) 

[MHz/Q] 

Density 

P  , 
[g/cm^] 

S’ 

e" 

lA 

parallel 

2,17 

40 

1,69/32 

1,78/36 

7,46 

3299 

122 

IB 

parallel 

4,08 

37 

1,45/46 

1,54/49 

7,47 

2697 

102 

ID 

parallel 

3,18 

38 

^1,82/36 

1,95/43 

7,39 

2824 

113 

4.  CONCLUSIONS 


The  stoichiometnc  PLZT  10/65/35  oxide  powders  of  high  purity  starting  from  different  precursors  such  as  oxalates, 
hydroxides  and  hydroxides-oxalates  mixture  at  low  temperatures  was  obtained.From  these  powders  dense  fine  grained 
microstructure  ceraimcs  was  sintered.  The  results  obtained  by  this  way  (chemical  synthesis  -  hot  pressing  -  oxygen 
treatment)  were  better  then  that  obtained  with  common  technology. 
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ABSTRACT 


Some  of  the  in  -  V  compounds  such  as  InSb,  InAs,  In  Asi.xPx,  have  high  thermal  conductivity  very  high  mobility  of 
electrons  and  low  effective  masses.  Their  figures  of  merit  being  high  enough  they  are  useful  materials.  For  thermoelectric 
materials,  the  high  mobility  of  electrons  is  a  very  important  factor. 

Another  most  important  property  of  a  material  for  thermoelectric  applications  is  its  figure  of  merit,  defined  as: 


p.k 


,  where,  a  is  the  Seebeck  coefficient,  p  is  the  electrical  resistivity  and  k  is  the  thermal  conductivity. 


The  Seebeck  coefficient  (X  is  given  by  the  equation:  (X  =  ^{K  /  e).{S  —  4")  >  where,  K  is  the  Boltzmann  constant  e  is  the 
magnitude  of  the  electron  charge  and  ^  is  the  reduced  Fermi  energy. 

The  most  important  applications  of  thermoelectric  devices  are  in  medical  and  bio-technological  laboratories  and  measure 
apparatus. 

This  paper  presents  the  scheme  of  the  principle  of  preparation  of  n-InSb  semiconductor  material  ,  direct  combination  of  high 
purity  In  and  Sb,  zone  refining  process  in  high  purity  hydrogen  medium  and  horizontal  Bridgman  technique  of  crystal 
growth. 

The  material  is  characterized  by  chemical  stoichiometric  determinations  and  analysis  of  impurities  content  as  well  as  by 
physical  analysis:  determination  of  resistivity,  band  gap.  Hall  mobility  and  determination  of  IR  spectra. 


Keywords:  semiconductor,  InSb,  thermoelectric  devices,  Seebeck  coefficient,  band  gap,  mobility,  carrier  concentration, 
electrical  resistivity. 


1.  INTRODUCTION 

InSb  semiconductor  material  has  the  melting  point  about  525±0.3  \  The  thermal  conductivity  is  0.04  cal./cm.sec.  at 

40  and  0.02  cal/cm.sec.at  425  ®C.  The  energy  gaps  at  300  K  and  0  K  are  usually  taken  to  the  about  0. 17  and  0.23  eV. 

The  carrier  concentration  at  77  K  is  «  I.IO*"^  cm‘^.  The  electron  and  hole  mobilities  in  the  highest  purity  material  are 
respectively  about  7.10"^  and  7.10^  cmW.sec.  at  300  K  and  about  6.10^  and  I.IO"^  cmW.sec.  at  77  K.  The  latent  heat  of 
fiision  is  1 1 .2  ±  0.4  kcal/mole. 

One  the  most  important  properties  of  a  material  for  thermoelectric  applications  is  the  figure  of  merit  z.  The  performance  of  a 
thermoelectric  generator  or  refrigerator  is  determined  primarily  by  the  figure  of  merit  of  the  materials,  the  performance 
improving  with  an  increase  in  the  figure  of  merit 

The  figure  of  merit  is  defined  as: 


(1) 
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where  a  is  the  Seebeck  coefficient,  p  is  the  electrical  resistivity  and  k  is  the  thermal  conductivity. 
The  Seebeck  coefficient  a  is  defined  by  relation: 


a^-{kle).{d-0  (2) 

where,  k  is  the  Boltzmann  constant,  e  is  the  magnitude  of  the  electron  charge,  ^  is  the  reduced  Fermi  energy. 

4'=EF/kT  (3) 

where,  Ep  is  Fermy  energy  measured  fi'om  the  edge  of  the  band,  T  is  absolute  temperature 

8kT  is  the  average  energy  of  the  transported  electrons  relative  to  the  band  edge.  It  depends  on  the  scateiing  mechamsm  and 
the  reduced  Fermi  energy. 

The  thermal  conductivity  is  the  sum  of  electronic  conductivity  k  e  and  the  lattice  conductivity  k  l.  Relation  gives  the 
electronic  conductivity: 


(4) 


where  y  is  a  constant,  which  depends  on  the  electron  scattering  mechamsm  and  on  the  reduced  Fermi  energy.  The  electrical 
resistivity  p  is  defined  in  relation  with  the  electron  mobility  p  : 

p  =  {nep)~^  (5) 

And  the  carrier  density  is  usually  determined  from  the  Hall  coefficient  R  by  the  relation: 

R  =  Brinecy^  (6) 

where,  c  is  the  velocity  of  light,  r  is  the  correction  factor  which  depends  on  the  scattering  mechanism  and  the  degree  of 
degeneracy  and  generally  is  1  -t-  2  and  B  is  the  correction  factor  which  is  normally  1. 

The  Seebeck  coefficient  at  optimum  carrier  concentration  is  about  200  pV/’C  for  the  materials  having  figure  of  merit 
presented  in  Fig.  1. 


Fig.l.  The  figure  of  merit  of  InSb  function  of  temperature. 
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The  Fig.l  shows  the  figure  of  merit  of  InSb  semiconductor  compound  function  of  temperature. 


2.  EXPERIMENTS 

In  order  to  obtain  semiconductor  InSb  high  grade  purity  In  and  Sb  have  been  used  The  high  reactivity  of  melted  In  and 
Sb  is  well  known,  and  that  is  why  the  material  from  which  the  vessel  is  made  of  directly  affects  the  purity  grade  of  the 
obtained  InSb.  According  to  literature  indications,  quartz  seems  to  be  the  most  recommendable  material . 

The  intermetallic  compound  has  the  molecular  ratio  of  1:1,  corresponding  to  the  weight  composition  of  49.52  %  In  and 
51.48  %  Sb.  Above  100  In  and  Sb  react  with  O2  and,  when  melted,  the  oxidizing  velocity  increases  notably,  changing  the 
stoichiometry  of  the  product.  In  order  to  avoid  this  phenomenon,  the  synthesis  at  700  ~  720  ®C  directly  from  elements  must 
be  lead  in  reducing  atmosphere.  The  two  metals  were  mixed  mechanic^y. 

The  reaction  time  was  3  hours.  The  product  was  suddenly  cooled,  so  it  detached  with  noise  from  the  vessel  walls.  The 
reaction  product  has  metallic  glance,  light  gray  color  and  its  melting  point  is  at  525  ®C. 

Melting  zone  refining  in  reducing  atmosphere  purified  InSb  obtained  as  above.  The  length  of  the  melted  zone  was  10  -  12 
mm.  As  a  result,  a  polycrystalline  InSb  is  obtained. 


Fig^.  The  In-Sb  phase  diagram. 

The  Fig.2  presents  the  In  -  Sb  phase  diagram.  It  shows  the  composition  of  stable  compound  InSb. 

In  order  to  transform  it  into  monocrystal,  it  was  sealed  in  vacuum  and  Bridgman  technique  was  utilized  ^  No  InSb  germs 
have  been  used  to  obtain  monocrystal.  The  pression  in  boat  is  1. 10"^  mm  Hg  and  the  pull  rate  is  5  -  lOmm/hr. 

The  maximum  temperature  of  the  process  is  550^C.  We  obtained  ingots  with  very  large  grains  structure. 


3.  RESULTS  AND  DISCUSSIONS 

Semiconductor  compounds  pose  problems  for  more  complex  than  those  associated  with  elemental  semiconductors,  not  only 
from  the  standpoint  of  physics  and  electronics  but  also  from  the  metalurgical  point  of  view.  For  thermoelectric  materials,  the 
high  mobility  of  electrons  is  a  very  important  factor. 
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Purification  becomes  more  difficult,  since  zone  refining  is  not  applicable  to  all  materials  and  for  all  impurities.  Furthermore, 
the  reactivity  or  refiactory  nature  of  some  of  the  new  materials  makes  the  problem  of  containers  or  crucible  a  very  difficult 
one. 

The  content  of  impurities  determined  in  InSb  material  is  presented  in  table  1.  Quantitative  analysis  was  performed  using  an 
emission  spectroscope.  In  the  antimony  and  in  its  compounds,  a  most  undesirable  impurity  is  the  arsine.  The  arsine  content 
was  almost  the  determinaton  limit. 

Table  1.  The  content  of  impurities  determined  in  InSb  samples. 


Elem. 

Pb 

As 

Sn 

Fe 

Bi 

A1 

Cu 

Ag 

Zn 

% 

% 

% 

% 

% 

% 

% 

% 

% 

InSbl 

WEmm 

■BSi 

■SEH 

■EISiH 

1.I0-* 

InSb  2 

IgQIll 

»lliM 

InSb  3 

WBEm 

mmm 

■3E9i 

■aEn 

■ma 

ann«ai 

lEl&ia 

■BtiraaB 

Small  deviations  fi'om  stoichiometry,  which  ordinarily  are  of  no  consequence,  become  of  primary  importance  when 
semiconducting  properties  are  considered.  In  HI  -  Y  intermetallic  compound,  an  imdetectable  excess  of  the  group  DI 
element  can  lead  to  p-conduction,  whereas  an  excess  of  the  group  V  elements  leads  to  n-type  conduction. 


Table  2.  The  relative  deviation  fi-om  stoechiometry  for  the  InSb  samples. 


InSb 

In 

% 

Sb 

% 

Relative 

deviation 

% 

1 

49,1 

50,9 

1,1 

2 

48.8 

51,2 

0,54 

3 

48,6 

_ 5L4 _ 

_ 0^5 _ 

On  wafers  1-mm  thickness  sliced  from  InSb  ingots,  mechanically  lapped  with  an  alumina  powder  and  chemical  polished  by 
etching  in  a  CP4  solution,  we  have  measured  the  Hall  effect,  the  resistivity  and  the  carrier  concentration.  The  band  gap 
energy  determined  for  the  InSb  is  0. 17  eV 

Table  3.  The  physics  characteristics  determined  for  the  InSb  wafers. 


Sample 

Thickness 

W 

\im 

Tipe  of 
conduetb. 

Resistivity 

P 

(mQcm) 

Carrier  cone. 

n 

(cm-^) 

Mobility 
\x  (cm^A^.sec) 

P2/1 

320 

n 

4.01 

1.01x10*''' 

0.98x10“' 

P2/2 

390 

n 

4.00 

1.03x10*^ 

1.01x10“* 

P3/2 

605 

n 

11.34 

1.46x10*'' 

0.40x10“* 

P3/8 

975 

n 

9,24 

1.15x10*’ 

0.59x10“' 

P4/4 

610 

n 

4.07 

7.15x10*’ 

0.22x10“* 

P4/17 

505 

n 

4.02 

4.10xi0” 

3.75x10“* 

The  samples  of  InSb  were  prepared  for  I.R.  spectroscopy.  Its  absorption  spectra  were  drawn  and  its  absorption  peaks  were 
calculated. 

We  have  presented  the  N.LR.absorption  spectra  for  the  InSb  semiconductor  at  room  temperature.  InSb  monocrystai  is  used 
for  infi-ar^  detection 
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Fig.3.  The  near  LR. absorption  spectrum  of  InSb  policrystal  at  room  temperature. 
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Fig.4.  The  near  LR,absorption  spectrum  of  n-InSb  semiconductor  at  room  temperature. 


The  Fig.  3  presents  the  I.R.  absorption  spectrum  of  InSb  policiystal  material  at  the  normal  temperature  in  the  range  of 
wavelen^t  1 100  -  2300  nm. 

Hie  Fig.  4  diows  the  near  I.R.  absorption  spectrum  of  n-lnSb  crystalline  material  at  room  temperature.  It  is  presented  the 
absorption  peaks  of  InSb  semiconductor  material. 


4.  CONCLUSIONS 

We  have  i^esented  the  scheme  of  the  pinciple  of  preparation  of  n-InSb  semiconductor  material:  direct  condjination  of  high 
purity  In  and  Sb,  zone  refining  process  in  high  purity  hydrogen  medium  and  horizontal  Bridgman  technique  of  crystal 
grov^ 

riipiniral  stoichiometric  determinations  and  analysis  of  impurities  content  as  well  as  by  physical  analysis  characterize  hiSb: 
Hptprminatinn  of  resistivity,  band  ^p,  Hall  mobility  and  determination  of  IR  spectra. 

We  have  presented  the  In-Sb  lAiase  -  diagram  the  figure  of  merit  and  the  N.I.R.  absorption  spectra  of  InSb. 
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ABSTRACT 

Aluminophosphate  passes  doped  with  rare-earth  ions  have  recently  attracted  a  large  interest  owing  to  their  relevant  non¬ 
linear  optical  properties.  Until  now,  all  studies  were  done  over  the  glasses  doped  with  rare  -  earth  ions,  in  which  the  rare  - 
earth  ions  were  into  a  vitreous  silica  matrix.  Our  study  was  made  as  for  rare  -  earth  ions  (Sm^\  or  Ce"^^  and  Eu^^) 

into  a  vitreous  aluminophosphate  matrix.  In  the  first  step,  the  samples  of  rare  -  earth  doped  glasses  were  obtained  by  melting 
the  raw  materials  batch  and  then  by  adding  rare  -  earth  oxides  (Dy203,  Sm203,  EU2O3).  In  the  second  step,  the  resulted  glass 
was  annealed.  By  mean  of  a  spectrophotometer  (SPECORD  M-42),  were  drawn  absorption  and  transmission  spectra,  in 
ultraviolet  -  visible  (UV-VIS)  domain.  For  infrared  (IR)  domain  we  used  a  SHIMADZU  -  FTIR  -  8001PC 
spectrophotometer. 

Keywords:  optical  nonlinear  materials,  aluminophosphate  glass,  semiconductor-doped  glasses. 


1.  INTRODUCTION 

Glasses  containing  small  quantities  of  lanthanide  ions  have  important  technological  applications  which  utilise  transitions 
electronic  energy  states,  for  example,  the  neodymium  glass  laser.  ^  Many  lanthanide  ions  have  an  incomplete  4f  level  that  gives 
rise  to  the  electronically  forbidden  f  -  f  spectra  in  the  near  -  infiured/visible/ultraviolet  region.  The  spectra  of  lanthanide  ions 
also  contain  bands  of  much  greater  intensity  owing  to  charge  transfer  processes.  Intense  bands  also  arise  owing  to  (allowed) 
interlevel,  4f  -  5d,  “Rydberg”  transitions  and  for  some  lanthanide  ions  these  bands  are  accessible  to  study  since  the  electronic 
transitions  occur  at  lower  energies  than  for  charge  transfer.  On  dissolution  in  glass,  the  majority  of  rare  earth  ions  introduce 
very  sharp  and  distinctive  absorption  bands  into  the  spectral  transmission  curve.  The  absorption  spectra  are  due  to  electronic 
transitions  between  energy  levels  in  the  4f  shell.  Their  sharpness  is  due  to  the  feet  that  the  inner  electronic  shell  is  largely 
shielded  fi’om  the  effects  of  the  ligand  field  by  the  outer  5s  and  5p  electrons.  The  ligand  field  is,  basically,  a  pertuibation  on 
the  energy  levels,  introducing  fine  structure  to  the  absorption  spectra.  In  contrast  the  ligand  field  for  transition  metal  ions  in 
glass  is  a  factor  of  himdred  stronger  and  the  absorption  spectra  are  due  to  the  transitions  between  levels  produced  directly  by 
the  field. 

Though  sharp,  the  intensities  of  the  absorption  bands  are  relatively  weak,  the  optical  absorption  coefficients  being  a  fector  of 
ten  lower  than  for  the  transition  ions.  Judd^  has  accounted  for  such  intensities  by  assuming  that  transitions  of  electric  dipole 
character  originate  fi-om  the  admixture  of  terms  of  opposite  parity  with  the  4f  wave  functions. 

The  complexity  of  the  glass  absorption  spectra  depends  on  the  number  of  unpaired  electrons  in  the  4f  shell.  The  spectra  of 
cerium,  europium  (2+)  are  relatively  simple,  reflecting  the  stability  of  the  empty,  half  full  and  filled  4f  electronic  shell.  In 
contrast  dysprosium  impart  an  array  of  sharp  absorption  bands,  extending  fi*om  the  near  infirared  through  to  the  ultraviolet 
region. 

The  detailed  presentation  of  the  absorption  spectra  of  rare  earth  ions  in  glass  was  given  by  Herring,  Dean  and  Drobnick^.  A 
less  detailed  presentation  in  terms  of  actual  spectra,  but  one  providing  more  theoretical  interpretation,  was  that  by  Smith  and 
Cohen^. 
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In  the  present  paper  we  present  our 
(Dy203,  Sm203,  EU2O3,  Ce02). 


studies  directed  on  the  aluminophosphate  vitreous  matrix  doped  with  rare  earth  oxides 


2.  EXPERIMENTAL  PROCEDURE 

A  brief  description  of  the  technolo^cal  process  will  be  presented  bellow.  The  weighing  of  raw  materials  according  to  the 
glass  molecular  formula,  damp  homogenization  while  chemical  reactions  of  lithium,  barium  and  alumimum  phosphate 

obtaining  take  place,  processes  which  occur  simultaneously  at  about  200  C. 

Then,  the  drying  process  and  the  preliminary  heat  treatment  occur  among  100  -  800  ®C,  in  order  to  obtain  homogeneous 

pophsphates.  Melting  process  takes  place  at  about  1200  C  followed  by  the  cleaning  up  of  the  molten  glass  during  several 
hours,  process  that  has  the  goal  of  obtaining  a  homogeneous  glass  lacked  of  defects  (gases  and  fibrous  inclusions,  etc.).  After 

the  casting  process  the  colourless  and  transparent  glass  samples  are  annealed  at  425  C 
The  glass  compositions  were  experimented: 

-  Li20  -  P2O5  -  AI2O3  -  BaO  -  La203,  doped  with  1  %  (mol  percent)  or  2  %(mol  percent)  of  CeOj  +  EU2O3,  Sm203  or  Dy203. 


3.  TRANSMISSION  AND  ABSORPTION  SPECTRA 
3.1.  Glasses  with  cerium  and  europium 

Neither  of  the  two  possible  valency  states  of  cerium,  ceric  (Ce"*^  or  cerous  (Ce^^,  has  absorption  bands  in  the  visible  spectral 
re^on.  It  is ,  however,  possible  to  form  the  cerates  of  tetravalent  metals  in  glass,  such  as  with  the  titanium  or  lead. 

The  optical  absorption  of  both  states  of  cerium  is  in  the  ultraviolet  region.  That  of  ceric  is  centred  at  a  wavelength  of  240  nm 
and  cerous  at  3 14  nm"^. 

Europim  can  be  present  in  glass  in  either  the  divalent  or  trivalent  state.  The  absorption  spe^a  of  divalent  and  trivalent 
europium  are  similar  to  those  for  cerous  and  ceric  ions  respectively.  This  is  to  be  expected  ^ce  the  difference  is  exactly 
a  half-filled  4f  shell.  Divalent  europium  has  a  single  band  at  approximately  340  nm.  The  primary  absorption  of  trivalent 
europium  is  at  wavelengths  392  nm  and  462  nm. 


Fig  1.  UV-VIS  transmission  spectra  of  aluminophosphate  glass  doped  with  Europium  -  Cerium 

1.  aluminophosphate  glass  sample;  2.  aluminophosphate  glass  with  Eu  1%  mole  and  Ce  1%  mole 
3.  aluminophosphate  glass  with  Eu  2%  mole  and  Ce  2%  mole 
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Fig  2.  UV-VIS  absorption  spectra  of  aluminophosphate  glass  doped  with  Europium  -  Cerium 
1.  aluminophosphate  glass  sample;  2.  aluminophosphate  glass  with  Eu  1  %  mole  and  Ce  1%  mole 
3.  aluminophosphate  glass  with  Eu  2  %  mole  and  Ce  2%  mole 


■  Testscan  Shimadzu  FTIR  8000  series  l/cm 


Fig  3.  IR  transmission  spectra  of  aluminophosphate  glass  doped  with  Europium  -  Cerium 
1 .  aluminophosphate  glass  sample;  2.  aluminophosphate  glass  with  Eu  1  %  mole  and  Ce  1  %  mole 
3.  aluminophosphate  glass  with  Eu  2  %  mole  and  Ce  2  %  mole 


The  Fig.  1  and  Fig.2  show  the  behaviour  of  the  absorption  and  transmission  in  the  ultraviolet  -  visible  (UV-VIS)  range.  The 
optical  absorption  for  the  aluminophosphate  glass  doped  with  cerium  -  europiurn  ion  has  four  absorption  bands:  310  nm  for 
cerous  ions,  360  nm  for  divalent  europium  ions,  390  nm  and  460  nm  for  trivalent  ions. 

The  Fig.  3  shows  transmission  in  the  infrared  range  (IR).  The  aluminophosphate  glass  doped  with  cerium  -  europium  ion  has 
two  absorption  bands;  at  4800  and  4600  cm 

3.2.  Glasses  with  samarium 

Samarium  can  be  present  in  glass  in  either  the  divalent  or  trivalent  state.  However,  divalent  samarium  cannot  be  produced  by 
chemical  reduction.  It  has  been  formed  by  X  -  irradiation  by  Smith  and  Cohen  . 

The  absorption  spectra  associated  with  trivalent  samarium  are  sharp  and  well  defined  in  wavelength  position  in  soda  -  lime  - 
silica  glass  is  370  nm,  402  nm  and  374  nm. 


Fig  4.  UV-VIS  absorption  spectra  of  aluminophosphate  glass  doped  with  samarium 
1,  aluminophosphate  glass  sample;  2.  aluminophosphate  glass  with  Sm  1%  mole 
3.  aluminophosphate  glass  witibi  Sm  2% 

The  Fig.  4  and  Fig,5  show  the  behaviour  of  the  absorption  and  transmission  in  the  ultraviolet  -  visible  (UV-VIS)  range.  The 
optical  absorption  for  the  aluminophosphate  glass  doped  with  samarium  ion  has  three  absorption  sharp  and  well  defined 
bands:  360  nm,  380  nm  and  400  nm  for  trivalent  samarium  ions. 

The  Fig  6  shows  transmission  in  the  infrared  range  (IR).  The  aluminophosphate  glass  doped  with  samarium  ions  has  four 
absorption  bands;  at  7200, 7100, 6700  and  6000  cm  *. 
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Fig.  5.  UV-VIS  transmission  spectra  of  aluminophosphate  glass  doped  with  samarium 
1.  aluminophosphate  glass  sample;  2.  aluminophosphate  glass  with  Sm  1%  mole 
3.  aluminophosphate  glass  with  Sm  2% 


Fig.  6.  IR  absorption  spectra  of  aluminophosphate  glass  doped  with  samarium 
1.  aluminophosphate  glass  sample;  2,  aluminophosphate  glass  with  Sm  1%  mole 
3.  aluminophosphate  glass  with  Sm  2% 
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3.3.  Glasses  with  dysprosium 

This  element  has  a  single  valency  state  (tripositive)  and  has  sharp  absorption  bands  to  a  glass  spectrd  transmission  curve. 
Their  main  visible  and  ultraviolet  band  positions  are:  345  nm,  380  nm  and  452  nm  for  a  soda  -  lime  silica  base  glass. 
Dysprosium  has  such  weak  absorption  bands  that  it  can  hardly  be  classified  as  colorants. 


Fig.  7.  UV-VIS  transmission  spectra  of  aluminophosphate  glass  doped  with  dysprosium 
1 .  aluminophosphate  glass  sample;  2.  aluminophosphate  glass  with  Dy  1%  mole 
3.  aluminophosphate  glass  with  Dy  2% 


Fig,  8.  UV-VIS  absorption  spectra  of  aluminophosphate  glass  doped  with  dysprosium 
1.  aluminophosphate  glass  sample;  2.  aluminophosphate  glass  with  Dy  1%  mole 
3.  aluminophosphate  glass  with  Dy  2% 
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The  Pig.  7  and  Pig.8  show  the  behaviour  of  the  absorption  and  transmission  in  the  ultraviolet  -  visible  (UV-VIS)  range. 
The  optical  absorption  for  the  aluminophosphate  glass  doped  with  (fysprosium  ions  has  four  absorption  bands:  340 
360  mn,  380  nm  and  450  nm  for  trivalent  ions. 

The  Fig.  9  shows  transmission  in  the  infrared  range  (IR).  The  aluminophosphate  glass  doped  with  ^sprosium  ions  has  an 
absorption  band:  at  5950  cm  \ 
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Elg.  9.  IR  transmission  spectra  of  aluminophosphate  glass  doped  with  (fysprosium 

1.  aluminophosphate  glass  sample;  2.  aluminophosphate  glass  with  Dy  1%  mole 
3.  aluminophosphate  glass  with  Dy  2% 

4.  CONCLUSIONS 

Our  spectroscopic  results  show  in  the  glass  under  investigation  that  the  bands  of  absorption  present  a  shift  which  depends 
on  the  matrix  glass  composition.  It  would  be  a  great  interest  to  establish  a  correlation  between  the  concentration  of  the  rare 
earth  elements  and  several  parameters  as:  the  high  of  the  absorption  band,  vitreous  matrix  nature  etc. 

The  possible  aj^lication  as  sciantiUing  materials^  suitable  for  the  detection  of  low  rate  events  has  not  been  investigated 
We  are  planning  experiments  in  order  to  confirm  this  possibility. 

In  the  next  future,  it  will  be  necessary  to  make  some  experiments  in  order  to  emphasize  the  non-linear  optical  properties  of 
these  glasses  and  to  estimate  their  behaviour  under  laser  excitation. 
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The  influence  of  the  growth  conditions  on  the  physical  properties  of  an 
organic  crystalline  material  for  optical  application 
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ABSTRACT 

We  present  some  investigations  on  the  correlation  between  the  crystalline  quality  controlled  by  the  physical  defects  induced 
by  the  growth  conditions  (configurational  set-up,  thermal  gradient  at  the  growing  interface,  moving  speed  of  the  ampoule, 
geometry  of  the  crucible)  and  the  optical  and  electrical  properties  of  a  benzene  disubstituted  derivate. 

Keywords:  organic  nonlinear  crystal  growth,  optical  properties,  electrical  properties 


1.  mTRODUCTION 

The  most  important  applications  of  the  optical  nonlinear  crystals  are: 

-  in  telecommunication  by  optical  fiber; 

-  in  optoelectronics  for  the  processing  of  optical  signals; 

-  in  spectroscopy  to  create  coherent,  tunable  light  sources  for  air  and  water  polluants  identification. 

Organic  compounds  can  be  used  in  nonlinear  optics  as  bulk  crystal  or  as  thin  films. 

The  advantages  of  the  crystalline  organic  compounds  with  optical  nonlinear  properties  in  comparison  with  the  classical 
inorganic  materials  (LiNbOs),  are: 

-  strong  nonlinear  effects  characterized  by  extremely  large  values  for  second  order  susceptibilities;  ^  ^ 

-  very  large  damage  thresholds  in  laser  beams  used  for  nonlinear  effect  generation,  handling  power  densities  >10  W/cm'; 

-  large  birefringence  assuring  optimum  conditions  for  the  phase-matching  process,  to  increase  the  conversion  efficiency  and 
to  induce  a  strong  intensity  second  harmonic; 

-  chemical  design  of  organic  crystals  by  “molecular  engineering”  and  conformational  analysis  for  application  in  the  field  of 
nonlinear  optics. 

Most  of  the  molecules  for  nonlinear  optics  derive  fi-om  an  aromatic  nucleus  with  electronic  cloud  symmetry  disturbed  by  a 
substituent  group,  nonlinear  susceptibility  usually  being  measured  by  the  average  dipole  moment  interaction  between 
substituent  group  and  electronic  cloud.  The  generation  and  manifestation  of  nonlinear  optical  properties  are  affected  by 
diffraction  phenomena.  Organic  crystal  deterioration  is  mainly  due  to  some  mechanisms  also  valid  for  classic  nonlinear 
inorganic  crystals:  multiphoton  absorption;  absorption  on  inclusions;  electronic  avalanche;  autofocusing. 

Homogeneity  of  the  bulk  optical  material  is  a  very  important  requirement  in  all  virtual  applications.  For  optical  devices  the 
homogeneity  is  necessary  to  assure  high  conversion  efficiency  and  lower  radiation  scattering  level,  determining  ph^e- 
matching  conditions  stability.  A  benzene  di-substituted  derivate  is  a  promising  material  for  optical  nonlinear  applications 
because  it  is  characterized  by  a  low  melting  point,  transparency  in  UV-VIS  and  large  values  for  second  order  susceptibility 
and  crystallize  in  a  noncentrosymmetric  structure. 

The  most  important  problems  are  correlated  with  the  preparation  of  a  bulk  material  having  adequate  dimensions  and  optical 
quality.  To  improve  the  crystalline  quality  as  a  consequence  of  the  growth  process,  it  is  obvious  essential  to  explain  the 
growth  parameters  induced  defects. 

This  paper  presents  some  aspects  concerning  the  correlation  between  the  crystalline  quality  determined  by  the  material 
purity  and  the  growth  conditions  and  the  optical  and  electrical  properties  of  meta-dinitrobenzene. 
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2.  EXPERIMENTAL  RESULTS 


Meta-dinitrobenzene  was  synthetized  in  our  laboratory  using  a  nitration  reaction  of  the  aromatic  compound,  starting  with 
high  purity  reagents.  Because  of  the  purity  requirements  in  crystal  growth,  this  material  has  been  purified  using  the  following 
methods: 

-  a  chemical  purification  (with  Na2S03)  to  remove  the  ortho  and  para  isomers; 

-  a  slow  vacuum  distillation  under  a  dynamic  vacuum  (10”^  torr); 

-  a  two  stages  directional  freezing  (a  length  of  the  molten  zone  of  3  cm  and  a  traveling  speed  of  2.5-3  cm/h). 

More  details  concerning  the  purification  processes  are  indicated  in  the  paper  of  A.  Stanculescu  and  col.^ 

We  have  chosen  the  growth  from  the  melt  method  because  of  a  higher  growth  rate  and  of  a  lack  of  solvent  inclusions  in  the 
growing  material,  this  method  leading  to  more  pure  crystals. 

The  most  important  experimental  conditions  varied  to  define  the  crystallization  process  are: 

1.  configurational  set-up  imposed  by  the  chosen  crystallization  method:  horizontal  directional  solidification  or 
vertical  Bridgman-Stockbarger  modified  method; 

2.  definition  of  the  interest  parameters  for  a  given  configuration: 

-  the  thermal  regime  characterized  by  a  high  thermal  gradient  across  the  growing  zone; 

-  the  geometry  and  the  material  (Teflon,  quartz),  of  the  growing  chamber  affected  by  the  anisotropy  of  the 
growing  speed  and  the  adhesion  to  the  wall; 

-  the  moving  regime  asking  for  a  small  lowering  speed  of  the  ampoule  in  the  thermal  gradient  to  remove 
the  solidification  heat  from  the  solid-liquid  interface. 

The  first  experiment  was  a  directional  solidification  in  horizontal  configuration  in  the  below  conditions: 

-  molten  zone  temperature:  100-120  ®C; 

-  molten  zone  length:  2  cm; 

-  molten  zone  moving  speed;  2.5  cm/h. 

In  the  next  experiments  we  have  used  a  Bridgman-Stockbarger  growth  method^  .  Crystal  growth  equipment  characteristics 
and  improvements  are  detailed  in  the  paper  of  A.  Stanculescu  and  col,*. 

We  underline  that  a  good  growth  technique  must  exceed  the  following  difficulties^: 

-  a  high  temperature  gradient  across  the  growing  zone; 

-  a  thermal  and  mechanical  stress  in  crystal  created  by  the  contact  with  the  growth  chamber; 

-  the  anisotropy  of  the  growth  speed  requiring  special  geometry  for  the  growing  ampoule. 

We  have  studied  the  Bridgman-Stockbarger  crystallization  of  our  organic  compound,  meta-dinitrobenzene,  in  different 
experimental  conditions: 

-  furnace  maximum  temperature  (the  hot  zone): 

1)114®C;  2)110®C; 

-  thermostat-  bath  temperature  (the  cold  zone); 

1)  50  °C;  2)  50  ®C; 

-  the  thermal  gradient  at  the  melt-solid  interface: 

l)2-3‘'C;  2)  5-7*0; 

-  the  ampoule  moving  speed  in  the  furnace: 

1)  6-8  mm/h;  2)  0.7-1. 5  mm/h. 

The  high  thermal  gradient  between  the  hot  and  the  cold  zones  counteracts  the  supercooling  tendency.  Very  slow  moving 
speed  is  imposed  by  the  low  thermal  conductivity  and  so  can  be  avoid  the  twins,  additional  nucleation  and  inclusions 
generation.  The  importance  of  growth  ampoule  geometry  and  material  was  discussed  in  the  paper  of  A.  Stanculescu  and 
col.*. 

As-grown  ingots  have  been  sliced  in  wafers  polished  with  a  mixture  of  ethylenglycol  -  alumina  powder  of  different  size  (5 
pm  and  then  0.5  pm)  and  optically  characterized  by  bulk  transparency  and  fluorescence  measurements,  using  a  SPECORD 
M  42.  Wafers’  thickness  is  between  0.8  mm  and  1  mm. 

Electrical  properties  of  meta-dinitrobenzene  crystalline  material  have  been  investigated  on  films  10-20  pm  thick  obtained 
using  crystalline  fragments  from  the  melt  grown  ingots.  These  films  were  grown  between  two  silicon  wafers  in  a  rapid 
thermal  solidification  process,  in  the  conditions  of  a  dendritic  growth. 
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The  I-V  characteristics  have  been  measured  on  sandwich  type  structure,  semiconductor-insulator-semiconductor  (SIS)  where 
the  insulator  is  the  organic  film  and  the  semiconductor  was  silicon. 

3.  DISCUSSIONS 

The  variations  in  experimental  conditions  are  reflected  in  the  structural  and  the  compositional  quality  of  our  material.  The 
different  growth  conditions  are  reflected  in  changes  in  structural  quality  offering  the  possibility  of  growth  process  control. 
Organic  crystal  ingot  properties  are  strongly  depending  on  growth  conditions.  They  present  twins  and  cracks. 

The  highest  bulk  transmission  (-25-30%)  has  been  obtained  on  wafers  cutted  from  Bridgman-Stockbarger  (Fig.  l.c) 
recrystallized  ingot  in  a  Teflon  crucible  with  a  steep  thermal  gradient  at  the  growing  interface  (5-7  ®C)  and  a  slow  moving 
speed  (0.7-1  mm/h).  These  ingots  are  more  homogenous  than  those  grown  in  other  experimental  conditions:  small  interface 
gradient,  fast  moving  speed  (Fig.  l.b).  The  same  shape  for  the  transmission  spectrum  has  been  obtain  too  on  wafers  cutted 
from  directional  solidified  ingot  in  horizontal  configuration  (Fig.  l.a),  but  these  samples  have  shown  lower  mechanical 
properties  and  higher  fragility  creating  handling  and  processing  problems. 


99 


400  500  600  700  800  900 

Wave  length  ^nm] 


Fig.  1.  Transmission  spectra  on  meta-dinitrobenzene  wafers: 

a)  directional  solidified  ingot; 

b)  Bridgman-Stockbatger  ingot  grown  with  small  gradient  at  the  interface  and  fast  moving  speed  of  the  ampoule; 

c)  Bridgman-Stockbatger  ingot  grown  with  steep  gradient  at  the  interface  and  slow  moving  speed  of  the  ampoule. 

The  nonhomogeneities  of  these  ingots  have  been  indicated  by  the  alternation  of  transparent  and  opaque  zones.  Light 
scattering  on  material  nonhomogeneities  has  a  powerful  influence  on  optical  properties  (transmission,  absorption 
mechanism)  and,  as  a  consequence,  on  nonlinear  phenomena  generation. 

The  processing  of  experimental  transmission  data  for  our  organic  compound  has  indicated  a  clear  wild  band  gap  (~3  eV) 
semiconductor  and  a  fundamental  absorption  edge  near  420  pm  but  the  results  on  the  absorption  mechanism  are  not 
consistent  and  reproductible.  For  some  samples  we  have  obtained  a  power  coefficient  3/2  suggesting  a  direct  forbidden  band 
to  band  transition  (Fig.  2.a).  This  intrinsec  absorption  mechanism,  can  be  “masked”  by  a  strong  bulk  absorption  near  the 
fundamental  absorption  edge,  taking  place  in  thick  (bulk)  samples.  For  other  samples,  a  better  experimental  data  fitting 
implies  an  exponential  function  (Fig.  2.b)  or  a  power  function  (Fig.  2.c),  with  an  exponent  that  can  not  be  associated  to  any 
elementary  known  intrinsec  band  to  band  absorption  mechanism.  The  exponential  edge  of  the  absorption  can  be  explained 
by  transition  between  tails  of  bands. 
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Fig.  2.  All  plots  represent  absorption  coefficient  dependence  on  energy  for  absorption  mechanism  identification  on  different  samples  from 

the  same  directional  solidified  ingot.  The  sample  purity  decreases  in  the  following  succession:  P3:plota)  >  P2plot  b)  >Plplotc) 


Fig.  3.  Fluorescence  spectrum  on  meta-dinitrobenzene  wafer  grown  by  Bridgman-Stockbarger  process  witha  steep  gradient  at  the 
interface  and  slow  moving  speed  of  the  ampoule.. 
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The  peak  of  fluorescence  spectrum  around  458  pm  (Fig.  3)  has  suggested  the  implication  in  the  light  absorption  mechanism 
of  same  states  situates  in  the  band  gap,  characteristic  for  an  extrinsec  absorption.  These  states  can  be  associated  with  defects 
as  impurities,  lattice  defects,  or  excitons  presence. 

I-V  characteristics  are  strongly  depending  on  the  purification  grade.  (Fig.  4). 


Bias  [VI 


Fig.  4.  I-V  Characteristics  for  Silicon-Organic-Silicon  SIS  structures: 

a)  synthetized  m-DNB; 

b) directional  frozen  m-DNB. 
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4.  CONCLUSIONS 


We  have  studied  the  conditions  of  an  organic  compound  crystallization,  analyzing  the  influence  of  expe^ental 
parameters  on  the  optical  properties  of  this  material.  The  most  homogeneous  ingot  has  been  grown  in  a  Brid^nan- 
Stocldbarger  configuration  with  a  steep  thermal  gradient  and  a  slow  moving  speed.  Optical  absorption  characteristics  in 
meta-dinitrobenzene  seem  to  indicate  the  presence  of  same  energy  states  in  the  band  gap  correlated  with  the  generation  of 
defects  and  excitons.  The  I-V  characteristics  were  plotted  for  some  silicon-organic-silicon  SIS  structures. 
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ABSTRACT 

Using  a  variational  procedure,  we  have  calculated  the  energy  levels  in  a  GaAs  spherical  quantum  dot  under  the  action  of  an 
external  electric  field,  assuming  an  infinite  confinement  potential.  Our  results  show  that  the  electronic  states  depend 
strongly  not  only  the  applied  electric  field,  but  also  on  the  quantum  confinement  Because  the  field-induced  spatial 
separation  of  conduction  (donor)  and  valence  electrons  in  GaAs  quantum  dot  decreases  the  overlap  between  their 
associated  wave  fimctions,  in  the  presence  of  the  electric  field  it  is  expected  a  reduction  of  the  luminescence.  We  obtained 
the  dependence  of  the  recombination  rate  between  conduction  (donor)  and  valence  electrons  as  a  function  of  the  applied 
field  for  different  dot  radii.  We  have  found  that  large  polarizations  are  expected  for  GaAs  quantum  dot  with  a  radius 
i?>100A.  These  aspects  must  be  taken  into  account  in  the  interpretation  of  optical  phenomena  related  to  shallow 
impurities  in  which  the  effect  of  an  applied  electric  field  competes  with  the  quantum  confinement. 

Keywords;  Quantum  dot,  electronic  states,  donor  impurity.  Stark  shift 


1.  INTRODUCTION 

With  the  development  of  several  experimental  techniques,  such  as  molecular  beam  epitaxy,  metal-organic  chemical-vapor 
deposition,  and  electron  beam  lithography  combined  with  reverse  mesa  etching,  there  has  been  a  lot  of  work  devoted  to  the 
understanding  of  hydrogenic-impurity  states  in  low-dimensional  semiconductor  heterostmctures  such  as  quantum  wells, 
quantum-well  wires,  and  quantum  dots.  In  recent  years,  there  has  been  great  interest  in  investigating  quantum  dots  (QD) 
both  theoretically  and  experimentally.  Due  to  the  small  structure  of  QD’s,  some  physical  properties  such  as  optical  and 
electron  transport  characteristics  are  quite  different  from  those  of  the  bulk  materials  '■  Recently,  Ribeiro  et  al?  and  Yang 
et  al^  made  have  calculated  the  binding  energy  of  the  hydrogen-like  impurity  in  a  spherical  QD.  As  expected,  they  found 
that  the  strong  electronic  confinement  leads  to  a  much  higher  impurity  binding  energy.  However,  in  their  investigation,  the 
influence  of  the  applied  electric  field  on  the  energy  levels  is  not  considered.  It  has  been  showed  that  the  presence  of  the 
electric  field  in  low-dimensional  semiconductor  heterostructures  gives  rise  to  a  polarization  of  the  carrier  distribution  and  to 
an  energy  shift  of  the  quantum  states  Such  effects  introduce  considerable  changes  in  the  energy  spectrum  of  the  carriers, 
which  may  be  used  to  control  and  modulate  the  intensity  output  of  optoelectronic  devices.  We  report  in  this  paper 
variational  calculation  of  the  effect  of  an  external  electric  field  on  the  electronic  states  in  a  spherical  GaAs  QD.  The  results 
are  relevant  to  any  optical  process,  such  as  emission  and  absorption  in  these  structures.  In  this  regard,  they  could  be  useful 
in  the  understanding  of  the  quantum  dot  lasers.  In  this  calculation  we  work  within  the  effective-mass  approximation  and 
adopt  a  variational  envelope-wave  function  for  donor  electron. 

In  Sec.  2  we  consider  the  effect  of  an  electric  field  on  the  eigenstates  of  an  spherical  QD,  assuming  an  infinite-confinement 
potential.  The  Stark  shift  in  energy  position  of  the  photoluminescence  impurity  peak  is  discussed  in  Sec.  3,  and  our 
conclusions  are  given  in  Sec.  4. 

2.  EIGENSTATES  OF  SPHERICAL  QUANTUM  DOT 

Let  us  consider  a  particle,  with  charge  e  and  effective  mass  m  *  in  a  spherical  QD  of  radius  R  in  the  presence  of  an  electric 
field  F  along  the  z  axis.  We  assume  that  the  electron  (hole)  are  completely  confined  in  the  microciystal  by  an  infinitp 
potential  barrier.  Uie  Hamiltonian  of  the  problem  is  therefore 
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Hs=Hq  +\e\Fz 


(1) 


where  Ho  is  the  zero-field  quantum  dot  Hamiltonian 


//0=-— V^+F  (2) 

"  2m* 

In  GaAs,  w*=0.067mo  for  conduction  band,  and  m*=0.30/«o  for  valence  band,  where  /wq  **  fi'ee-electron  mass.  In 
the  infinite-model  approximation  the  confinement  potential  is  defined  as: 


fO  if  r<R 
|oo  if  r>R 


(3) 


The  validity  of  this  approximation  depends  on  the  conduction-  and  valence-band  offsets  as  well  as  on  the  radius  R.  In  the 
case  of  the  semiconductor  microciystals  embedded  in  a  glass  matrix,  we  can  assume  very  large  band  offsets,  so  that  this 
approximation  is  justified  for  all  nonzero  R  values.  In  the  case  of  finite  band  offsets,  which  corresponds  to  the  case  of 
microciystals  surrounded  by  another  semiconductor,  the  approximation  is  justified  only  in  the  case  of  intermediate  to  sn^l 
quantum  confinement  (R  >  lOnm. )  Nevertheless,  it  must  be  stressed  that  for  very  low  values  (R<  1-5/wn  ),  the  effective 
mass  approximation  becomes  unjustified.  Moreover,  in  the  GaAs-Gai-xAlxAs  system,  for  the  usual  A1  rancentrations  the 
height  of  the  potential  barrier  is  high  enough  in  comparison  with  the  energy  level  of  the  ground  state.  So,  it  seems  to  us  that 
the  use  of  the  infinite  confinement  potential  approximation,  which  is  consistent  to  the  effective  mass  approximation,  and 
which  is  expected  to  lead  to  reasonable  energy  values  in  the  case  of  practical  R  values,  appear  to  be  a  good  compromise 
between  accuracy  and  computer  time. 

The  ground  electronic  wave  function  of  the  Hamiltonian  Ho  is 

fsin(lT) 

[  0  if  r>R 


where  it =it/R .  In  the  presence  of  the  electric  field,  the  particle  is  pushed  against  (for  the  electron)  or  along  (for  the  hole) 
the  direction  of  the  field.  This  physical  situation  can  be  well  described  if  we  use  a  variational  function  ^  given  by 


0(r )  =  exp(-X,  z)  Oq  (/*) 


The  lowest  subband  energy  is  determined  by  minimizing  the  expression 


(0(r)l0(r)) 


(5) 


(6) 


with  respect  to  X.  On  the  basis  of  the  above  equation  the  electron  (hole)  energy  can  be  evaluated  as  function  of  the  applied 
electric  field,  and  the  dimension  of  the  quantum  dot.  We  would  like  to  emphasize  that  this  variational  procedure  proved  to 
be  very  successful  in  explaining  experimental  data  on  low-dimensional  semiconducting  heterostructures. 

Fig.  1  shows  the  variation  of  the  ground  state  of  the  conduction  (le)  and  the  valence-band  (Ih)  as  functions  of  the  dot  size, 
in  spherical  GaAs  QD  structure,  in  various  electric  fields.  We  observe  that  the  energy  decreases  as  the  dot  radius  or  the 
electric  field  increase.  As  expected,  as  in  the  quantum  well  case  because  the  valence-band  effective  mass  is  heavy,  the 
valence  shift  under  an  electric  field  is  much  larger  than  conduction  shift.  This  ‘negative’  shift  (Stmk  shift)  is  more 
pronounced  for  large  values  of  R.  As  a  consequence  of  the  Stark  shift,  the  interband  absorption  edge  and  the 
photoluminescence  (PL)  peak  position  in  the  quantum  dot  shifts  downwards  in  energy. 
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Fig.  1.  Energy  of  the  ground  state  of  a  GaAs  spherical  QD  as  a  function  of  the  dot  radius  for  different  values  of  the  applied  electric  field. 

(a)  Conduction  electron  (le  state).(b)  Valence  electron  (Ih  state) 

Fig.  2  shows  the  calculated  energy  position  of  the  PL  peak,  corresponding  to  le-lh  transition,  versus  the  electric  field 
strength  in  a  GaAs  QD  of  radius  Snm  and  lOnm,  respectively.  For  small  dot  sizes,  the  value  of  the  le-lh  transition  is 
weakly  affected  by  the  presence  of  the  electric  field.  The  electron  (hole)  wave  function  is  significantly  modified  by  the 
applied  electric  field  for  larger  radii  QD.  This  is  illustrated  in  Fig.  3,  which  shows  the  expectation  value  of  the  electron 
(hole)  position  along  the  z-axis,  (z) ,  as  a  function  of  the  electric  field  for  R=5  nm  and  R=10  nm. 


Fig.  2.  Transition  energy  Je-1  has  a  fiinction  of  electric  field  for  two  dot  radius. 
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We  observe  that  the  polarization  effect  is  more  pronounced  in  the  valence  wave  function  case,  where  <z>  peaks  near  the 
dot  edge.  This  spatial  separation  of  carriers  strongly  affects  the  overlap  integral  5^;^,  defined  as  (O^  (?)|<^/i  (^))  • 


Fig.  3.  Expectation  value  of  the  conduction  (solid  line)  and  valence  (dashed  line)  electron  position  along  the  z-axis  vs.  the  applied  electric 

field  for  different  dot  sizes. 


Fig.  4.  Square  of  the  overlap  integral  between  electron  and  hole  as  a  function  of  the  electric  field  for  a  QD  of  R-Snm  and  R-lOiun. 
Conduction  electron  (le  state)-solid  line.  Donor  electron  (Is  state)-dashed  line. 
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The  recombination  rate  between  electron  and  hole  is  proportional  to  ^  so  that  this  quantity,  plotted  in  Fig.  4  versus  the 

electric  field,  is  significant  in  PL  experiments.  Our  results  showed  a  shift  to  smaller  values  of  the  PL  peak  position  (Fig.  2) 
and  a  strong  decrease  of  PL  signal  (Fig.  4)  as  the  electric  field  increases. 

3.  DONOR  IMPURITY  IN  A  GaAs  QUANTUM  DOT 

In  the  effective-mass  approximation,  the  Hamiltonian  of  a  hydrogenic  donor  impurity  located  at  the  center  of  a  spherical 
QD  in  the  presence  of  an  electric  field  F,  can  be  written  as 


H  =  H, 


4jter 


(7) 


where  e = 13.  Ieq  is  the  dielectric  constant  of  the  dot  material,  with  eq  the  vacuum  static  dielectric  constant. 

In  order  to  calculate  the  ground  state  of  the  impurity  binding  energy,  the  variational  technique  is  used,  and  for  this  the  trial 
wave  function  is  taken  as 

^l^(^)=‘I»(^)exp(-r/a)  (8) 


where  a  is  the  variatiorud  parameter. 

The  ground  state  energy  of  a  donor  impurity  in  a  GaAs  QD  with  an  applied  electric  field  is  given  by 


E{a)= 


('PlI'Pl) 


and  the  binding  energy  is  defined  as 


Ei,=EQ-xmnE{a)  (10) 

a 

With  above  equations  we  calculate  the  binding  energy  for  the  ground  state  of  a  donor  impurity  in  a  spherical  GaAs 
quantum  dot,  as  a  fimction  of  the  dot  size,  and  applied  electric  field. 


In  Fig.  5  we  present  Ei,  versus  radius  dot,  for  different  values  of  the  electric  field.  It  is  apparent  that  as  the  quantum 
confinement  is  increased  the  binding  energy  is  enhanced  in  the  7.y-like  state.  Also,  notice  that,  for  strong  electric  fields,  the 
binding  energy  reaches  a  constant  value  as  R  is  greater  than  20  nm;  for  large  value  of  7?  the  limiting  value  for  the  binding 
energy  depends  on  the  value  of  the  electric  field  (being  smaller  for  higher  values  of  F).  One  observes  that  for  inersasing 
values  of  the  electric  field,  the  impurity  binding  energy  decreases  because  the  electronic  probability  density  is  displaced 
toward  one  edge  of  the  dot.  Due  to  the  polarization  effect  is  expected  a  shift  in  donor  electron  to  valence  electron 
luminescence  energy  to  smaller  values  with  increasing  electric  field. 


In  Fig.  6  we  display  the  Stark  shift  of  the  Is-lh  transition  energy  as  a  function  of  F  for  two  values  of  the  radius  dot.  Notice 
that  the  effect  of  the  electric  field  is  appreciable  for  large  R.  The  reason  of  this  behavior  is  that  as  R  increases  the  quantum 
confinement  become  negligible  and  the  carrier  motion  along  the  z-axis  is  essentially  dominated  by  the  electric  field. 

In  Fig.  4  we  have  also  shown  the  square  of  the  overlrq)  integral  between  the  donor  wave  function  and  heavy  hole  wave 
function  Of,  versus  F"  for  a  GaTVs  QD  of  5  or  10  nm  radius.  Due  to  the  electrostatic  interaction  between  the  electron  and  the 
impurity  there  exists  a  greater  confinement  of  the  electronic  wave  function  and,  therefore,  the  overlap  integral  {is /Ih)  is 
slightly  reduced  in  comparison  with  {le/Vi)  integral.  It  is  apparent  in  Fig.  4  that,  although  the  Coulomb  term  contributes 
to  the  enhancement  of  the  electronic  probability  density  at  the  center,  it  does  not  lead  to  significant  quantitative  differences. 
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Fig.  5-  Variation  of  impurity  binding  energy  with  the  radius  of  the  GaAs  QD  for  different  values  of  the  applied  electric  field. 


Fig.  6.  Shift  of  the  Is-lh  transition  energy  vs.  electric  field  in  a  GaAs  QD  for  two  dot  radius 
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4.  CONCLUSIONS 


We  have  studied  the  influence  of  the  electric  field  on  the  electronic  states  in  a  spherical  GaAs  quantum  dot,considering  an 
infinite  confining  potential  Using  the  effective-  mass  approximation  within  a  variational  scheme  we  have  calculated  the 
energy  of  the  subband  states  as  well  as  of  the  7.y-like  state  of  the  donor  impurity  as  a  function  of  the  geometry,  and  applied 
electric  field.  We  have  found  that  the  energies  of  the  electronic  states  strongly  depend,  not  only  on  the  quantum 
confinement,  but  also  on  the  applied  electric  field. 

Our  results  show  that  the  large  polarization  is  expected  for  the  GaAs  QD’s  with  a  radius  R>10nm.  As  in  QWs  case  ^  the 
induced  spatial  separation  of  conduction  and  valence  electrons  should  decrease  the  interband  absorption  or  the  radiative 
emission  rate.  Also,  in  the  w-doped  QD’s  appears  a  shift  in  the  donor-valence  band  luminescence  energy  to  lower  values 
with  increasing  electric  field  and  a  reduction  of  the  recombination  of  carriers. 

To  our  knowledge,  this  is  the  first  theoretical  calculation  of  the  electronic  levels  in  the  spherical  quantum  dot  under  the 
electric  field.  We  estimate  that  the  future  interpretations  of  optical  phenomena  related  to  electronic  states  in  GaAs  QDs,  in 
which  the  effect  of  an  applied  electric  field  competes  with  the  quantum  confinement,  must  take  into  consideration  these 
results. 
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ABSTRACT 

Cerium  activated  strontium-magnesium  orthophosphate  phosphor  exhibits  strong  UV  luminescence  (emission  maximum 
at  370-380  nm)  whereas  ceriiun  -  manganese  activated  phosphor  shows  pink  liuninescence  (emission  maxima  at  370-380 
nm  and  605-610  nm).  These  phosphors  could  be  used  for  the  manufacture  of  eritemal  or  coRf  machine  lamps  and  for 
fluorescent  lamps  for  luminous  signs,  respectively.  Samples  of  (Sri.xMgx)3(P04)2:Ce  and  (Sri.xMgx)3(P04)2:Ce>In 
phosphors  with  variable  compositions  were  synthesised  and  characterized.  Crystalline  structure  (XRD  patterns)  and 
himinpgf-enee  properties  (emission  and  excitation  spectra)  were  determined  and  discussed  in  order  to  establish  the 
optimum  synthesis  conditions  for  phosphor  preparation. 

Keywords:  phosphors,  luminescence,  phosphates 


1.  INTRODUCTION 

Alkaline  earth  orthophosphates  present  polymorphic  crystalline  structures  depending  on  temperature.  Sometimes,  the  high 
temperature  (HT)  structures  are  good  host  lattice  for  phosphors.  By  the  partial  substitution  of  the  host  lattice  cations  with 
other  metallic  cations  with  relatively  small  ionic  radius,  the  HT  structures  could  be  also  stabilised  at  normal  temperatures. 
Three  polymorphic  structures  for  strontium  orthophosphate  are  known,  depending  on  the  temperature  ’ . 

1305®C  1410“C 

a-Sr3(P04)2  ^ - ►  P-Sr3(P04)2  - ►  Y-Sr3(P04)2 

Sr^"^  ions  can  be  replaced  by  other  iorrs,  such  as  Mg^^  Ca^^  Cd^""  that  form  isomorphic  structure  with  that  of  p-SOP  (HT 
form).  This  structure  is  a  proper  host  lattice  for  phosphors  preparation^  ''.  For  the  Sr3(P04)2-Mg3(P04)2  system,  a  solid 
solution  possessing  P-SOP  structure,  occurs  in  the  concentration  region  of  10-35  mole  per  cent  (mole  %)  Mg. 

The  present  paper  presents  the  results  concerning  the  synthesis  of  such  a  host  lattice  possessing  p-SOP  structure  that  could 
generate  appropriate  phosphor. 


2.  EXPERIMENTAL  PART 

SamplRR  were  prepared  thermal  syntesis  from  homogeneous  mixtures  consisting  of  SrHP04,  SrCOs,  MgO, 
MnNH4P04*H20  and  C:e(N03)3*6H20.  All  material  (with  the  exception  of  Ce-compound)  were  luminescent  grade  and 
were  prepared  in  our  laboratory  by  original  procedures.  For  the  study  referring  to  the  host  matrix  s5mthesis,  the  mixtures 
were  rairinatpd  for  1  h  at  1000,  1100,  1200  °C  in  air.  As  for  the  phosphors  synthesis,  the  mixtures  were  cremated  one 
hour  in  N2-atmosphere,  at  1 120  °C.  After  the  thermal  synthesis  is  over,  phosphor  samples  were  quickly  cooled  in  N2-flow. 
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The  sauries  were  characterised  X-Ray  diSraction  (XRD)  method  (PW1050  Philips  Dif&actometer),  thermogravimetric 
analysis  (Pauling  Erdely  OD-102  Derivatograph),  IR  spectroscopy  (75 IR  Spectrophotometer,  Zeiss-Jena)  and  fluorescence 
spectroscopy.  Excitation  and  emission  spectra  were  registered  at  room  temperature  (Perkin  Elmer  204  Spectrofluorimeter). 

3.  RESULTS  AND  DISCUSSION 

Strontium-magnesium  orthophosphate  (SMOP)  was  prepared  Ijy  the  solid  state  reaction  of  SrHP04,  SrCOs  and  MgO.  The 
following  reactions  take  place; 

540°C 

2SrHP04  - ►  SrzPjOj  +  HjO 

950“C 

O.SSrCOs - ►  0.5SrO  +  O.SCOz 

1130°C 

SrjPjOj  +  O.SSrO  +  O.SMgO  - ►  Sr2.5Mgo.5(P04)2 

The  thermal  analysis  of  the  mixture  reveals  that  the  reagents  decomposition  reactions  proceed  at  lower  temperature  than 
that  of  the  individual  compounds  (Fig.  1)  One  can  also  suppose  that  the  host  lattice  formation  begins  at  the  same  time  as 
reagents  decomposition  but  the  complete  structure  is  realised  only  at  1130  °C.  This  siq)position  is  sustained  1^  the 
exothermic  effect  observed  on  the  DTA  curve. 

The  formation  of  host  lattice  could  be  investigated  by  XRD  spectroscopy.  In  this  purpose,  the  same  ^thesis  mixture  with 
well  defined  chemical  composition,  is  fired  at  various  temperatures:  1000  °C  (6a  sample);  1100  °C  (6b  sample)  and 
1200  °C  (6c  sanqrle).  The  reaction  products  are  investigated  by  XRD  analysis.  XRD  patterns  show  that  at  1000  °C,  the 
P-SOP  stracture  is  alreatfy  formed.  Beside  the  reflections  of  tWs  structure  some  characteristic  reflections  of  the  starring 
substances  or  secondary  products  could  be  observed  (Tab.  1).  The  further  temperature  increase  determines  the  completion 
of  the  solid  state  reaction.  The  sample  prepared  at  1200  °C  (6c  sample)  exhibits  the  characteristic  p-SOP  reflections. 

Tab.  1  XRD  patterns  for  SMOP-samples  prepared  at  1000, 1 100  and  1200  °C 


6a  -  sample 

6b  -  sample 

6c  -  sample 

Structures  assigning 

d(0) 

I/Io 

d(0) 

I/Io 

d(©) 

I/Io 

4.45 

9.0 

4.45 

6.0 

4.45 

23.0 

P-SOP 

4.34 

6.0 

4.35 

3.0 

4.33 

24.0 

P-SOP 

4.22 

5.2 

- 

- 

- 

SrCQs 

3.60 

33.0 

3.60 

13.0 

3.62 

29.0 

P-SOP 

3.52 

6.2 

- 

- 

- 

- 

SrCOs 

3.42 

54.0 

- 

- 

- 

- 

Sr2P207 

3.40 

94.0 

3.36 

11.0 

- 

Sr2P207 

3.36 

27.0 

3.31 

6.0 

3.35 

31.0 

P-SOP 

3.26 

22.0 

3.25 

30.0 

3.26 

32.0 

P-SOP 

3.17 

14.0 

3.17 

3.0 

- 

- 

Sr2P207 

3.04 

12.0 

3.04 

16.0 

- 

> 

Sr2P207 

3.0 

100 

3.00 

100 

3.00 

100 

P-SOP 

**  Tab.  1  presents  only  the  first  part  of  the  XRD  spectrum 


In  the  case  of  phosphor  samples  6a  and  6b,  the  IR  absorption  spectra  confirm  the  presence  of  un-reacted  phase  (Fig.  2). 
For  instance,  the  IR  spectra  contain  some  specific  bands  at  1100-1000  cm"’  and  at  about  720  cm"’  that  could  be 
correspondingly  correlated  with  the  vibrations  of  P-O  and  P-O-P  bonds  fi'om  metallic  orthophosphates.  In  the  case  of 
phosphor  sample  6c,  the  second  band  disappears.  One  can  assume  that,  at  temperature  higher  than  1100  °C,  the  SMOP 
lattrce  is  well  formed.  In  this  of  crystalline  lattice,  only  a  minimal  vibration  coupling  is  allowed  between  the  host 
matrix  and  the  activator  ion.  As  a  result,  the  non-radiative  relaxation  probability  decreases,  feet  that  minimise  the 
liuninescent  emission  attenuation^. 
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By  incorporation  of  cerium  ions  into  the  SMOP  lattice,  three  luminescent  samples  corresponding  to  6a,  6b  and  6c 
mmpnsitinns  could  be  prepared.  The  excitation  spectra  of  these  phosphor  samples  (Tig.  3a)  show  two  characteristic  bands 
with  mavima  at  about  270  nm  and  320  run,  the  longer  wavelength  band  being  the  stronger.  The  lumiiiescOTt  emission 
spectra  (Fig.  3b)  show  a  single  large  band  in  the  UV  region,  with  maxima  at  about  370  nm.  The  exdtability  rad  the 
prmigginn  intensity  of  these  phosphors  increase  simultaneously  with  host  matrix  definitization.  The  incorporationof  a 
second  activator  ion  (Mn^^,  produces  an  additional  emission  so  that  the  anrarent  luminescent  emission  extends  towards 
the  red  The  synthesised  phosphors  correspond  to  a  general  formula  (Sr,Mg)3(P04)2:Ce,  Mn  and  belong  to  the 

category  of  double  -activated  or  "sensitised  phosphors". 

The  pminsdnn  spectrum  of  phosphor  containing  manganese  ions  as  activator  rad  cerium  ions  as  sensitiser,  consists  of  the 
Ce*^  rad  Mn^  emission  brads  centred  at  about  375  run  rad  610  nm,  respectively.  The  relative  intensities  of  the  two 
emission  brads  depend  both  on  the  activator  content  and  the  efficiency  of  the  sensitisation  process  that  imply  the 
C^^->Mn^  energy  transfer^  The  efficiency  of  the  energy  transfer  process  is  influenced  by  the  relative  position  of  the  two 
activator  ions  into  the  host  matrix.  In  this  way,  the  host  matrix  (with  all  energetic  rad  spatial  characteristics)  shows  an 
important  contribution  to  the  sensitised  luminescence  phenomena. 


DQ 

Dm 


®  2SrHPqj+4Mg0+^SiCO3 

_ /\ _ DTA 


200  400  600  800  1000  1200  TCC) 

Fig.  1  Thermogravimetric  study  of  the  host  lattice  farmation 


Fig.  2  IR  spectra  of  6a,  6b  and  6c  pho^hor  sample 
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A(mn) 


a  b 

Fig.  3  Fluorescence  ^tra  of  Sr2.5Mgo.5(P04)2:Ce  samples  fired  at  different  temperatures:  1000  ""C  (6a);  1 100  ""C 
(6b)  and  1200  (6c):  (a)  excitation  spectra;  A^=370  nm;  (b)  emission  spectra;  7^-275  nm; 

In  order  to  establish  the  optimum  synthesis  conditions  for  phosphor  based  on  SMOP  matrix,  the  appropriate  concentration 
of  cerium  has  to  be  est^lished  In  this  purpose,  two  series  of  phosphor  samples  with  different  composition  were  prepared 
namely:  (1)  Sr2.58-xMgo.38C^(P04)2  and  (2)  Sr2.5oMgo.49^xCeK(P04)2  (where  x  =  0#0.20).  Fig.  4  illustrates  the  variation  of 
UV  emission  intensity  with  cerium  content  for  the  two  sample  series.  The  increase  of  cerium  content  in  parallel  with  the 
decrease  of  magnesium  concentration  brings  about  the  enhancement  of  UV  luminescence  intensity.  Inside  the  P-SOP 
structure  domain,  the  variation  of  Sr/Mg  cationic  ratio,  shows  no  influence  on  the  host  matrix,  structural  purity,  but 
modifies  the  luminescence  intensity. 

The  optimum  manganese  concentration  was  defined  hy  preparing  another  phosphor  series  with  the  general  formula  Sr2  45- 
xMgo  ssCeo.ioMnx  (P04)2,  (where  x=0.04#0.20).  These  phosphors  were  activated  with  the  appropriate  cerium  concentration 
(0.10  mole  (De/mole  phosphor)  and  with  different  manganese  amounts.  The  emission  sp)ectra  consist  in  one  strong  UV 
emission  band  and  another  relatively  weak  red  emission  characteristic  to  cerium  and  manganese  ions,  resp)ectively.  For 
phosphor  activated  with  C!e  and  Mn,  the  UV  emission  is  less  intense  than  the  correspxmding  one  of  the  phosphor  activated 
only  with  Ce  as  activating  ion.  The  maximum  Ce^Mn  energy  transfer  is  reached  at  0.04  mole  Mn/mole  phosphor 
(Fig.  5). 
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Our  proved  that  the  visible  emission  of  SMOP;Ce,Mn  could  be  realised  by  creating  a  cationic  (teficit  into  the 

phngphatir  matrix.  Fig.  6  presents  the  variation  of  ultraviolet  and  visible  emission  with  the  cationic  deficit  in  phosphor 
series  with  general  formula;  Sr2,46Mgo.4()-xnxCeo,ioMno  o4(P04)2  (where  x=0#0.05). 


mol  Ce/mol  phosphor 

Fig.4  Variation  of  luv  with  caium  concaitiation  for  {AosjAcas: 

1)  Sr(2jg.x)h%)38Cex(P04)2,  where  x = 0.0440.20; 

2) Sr2.5h4(o.4»-x^^ex(^4)2,  where  x  =  0.0140.20. 


F%.  5  Variation  of  luv  andivis  witii  manganese  concentration  for  phosj^or 
Sr(24*^x)Mgo35Ceo.i()Mhx(P04)2,  where  x = 0.0440.20 
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6  Variation  of  luv  and  Ivis  wifli  catiffliic  deficit  for  {^os[^cr 
Sr24<iN%o.«-x)IIIi(Ceo.ioMno.o4(ro  wtee  x  =  (H0.05 


One  observes  that,  for  phosphor  with  0.03  mole/mole  cationic  tteficit,  the  visible  luminescent  intensity  (U)  is  considerable 
increased  as  compared  with  the  starting  phosphor  sample.  In  this  case,  the  Ce-^Mn  energy  transfer  is  more  efficient. 

4.  CONCLUSIONS 

The  cationic  deficit  in  phosphatic  matrix  ensures  a  better  incorporation  of  activator  ions,  a  good  protection  of  activators 
against  oxidation  during  the  thermal  treatment  and  a  good  Ce->Mri  energy  transfer.  A  too  large  increase  of  the  cationic 
deficit  could  create  crystalline  lattice  distortions  and  could  generate  the  formation  of  some  undesirable  secondary  phases. 

The  SMORCe  phosphors  show  strong  ultraviolet  luminescence  (I.„ax  =  380nm)  under  short  UV  excitation  and  could  be 
used  in  eritemal  lamps  and  for  the  manu&cture  of  copying  machine  lamps.  As  for  the  cerium  and  manganese  activated 
phosphors,  they  show  UV  luminescence,  that  is  characteristic  to  Ce^  and  pink  fluorescence,  characteristic  to  Mn^^.  This 
phosphor  could  be  used  in  fluorescent  lamps  for  light  advertising  or  luminous  «£»«! 
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ABSTRACT 

CdS-CdTe  heterojunctions  are  valuable  candidates  for  (Aotovoltaic  conversion  of  solar  energy.  In  this  work,  thermal 
vacuum  evaporation  has  been  used  to  grow  CdTe  films  on  glass  supported  CdS  substrate.  Cadmium  sul{diide  thin  layers 
have  been  grown  by  chemical  bath  depositioiL  The  influence  of  different  preparation  conditions  on  thin  film  quaUty  has 
been  shidie<i  The  optical  homogeneity  and  film  thickness  was  used  as  criteria  to  select  the  best  substrate  for  the  subsequent 
CdTe  deposition.  Some  structural  and  optical  characteristics  of  CdS/glass  and  CdTe/CdS/^ass  structures  have  been 
determined. 

Keywords;  thin  films,  cadmium  sulidiide,  cadmium  tellurick,  CdTe  /CdS  heterostructures 

1.  INTRODUCTION 

CdTe/  CdS  heterojunctions  are  valuable  candidates  for  i*otovoltaic  conversion  of  solar  energy  and,  generally,  thin  filnw  of 
padminm  sul^bide  have  major  applications  in  optoelectronic  devices.  Cadmium  sulphide  films  could  be  prepared  by  various 
t<vrhniqiip<!  such  as:  chemical  bath  deposition  (CBD),  evaporation,  hotwall  qpitaxy,  spray  -pyrolysis,  close-spaced  vapour 
transport  and  chemical  vapour  deposition  in  different  configurations*.  The  present  work  is  in  response  to  the  rented 
interest  in  chemically  deposited  cadmium  sulphide  thin  films.  In  this  respect,  the  actual  efforts  are  concentrated  to  optiimse 
the  CdS  thiclmp<;s  in  or<fcr  to  increase  CdTe/CdS  junction  solar  cell  {botocurrent  performance^'^. 

The  p^r  presents  some  preliminary  tests  concerning  the  preparation  of  multilayer  CdTe'CdS  thin  film  structures  where 
caHminm  sniphiHe  and  cadmium  telluride  thin  layers  are  grown  by  chemical  bath  deposition  and,  correspondmgiy,  themM 
vacuum  evaporatiort  The  aim  of  this  work  is  to  stiufy  the  influence  of  different  preparation  conditions  on  thin  film  quahty 
and,  consequently,  on  some  of  the  structural  and  optical  characteristics  of  CdS/glass  and  CdTe/CdS/glass  stractures. 

2.  EXPERIMENTAL  PART 


2.1.  Samples  preparation  3 

The  deposition  of  multilayer  CdTe/CdS  structures  was  performed  onto  of^cal  glass  jrfatelets  of  about  25x40x1  mm  .  The 
substrate  was  detergent  degreased,  acid  cleaned  (in  hot  KaCrjO?  /  H2SO4  mixture)  and  water  washed.  The  as  cleaned  glass 
platelets  were  kept  in  distilled  water  before  their  utilisation  as  deposition  sujqwrts. 

Cadmium  sulphide  Otin  films  were  prepared  fiom  thiourea  and  cadmium  acetate,  in  alkaline  medium  and  in  the  jaesence  of 
sodium  citrate.  The  chemical  bath  was  prepared  from  analytical-grade  reagents,  i.e.,  Cd  (CH3COO)  2  x  2H2O,  CS  (NH2)  2, 
NasCsHsO?  x  5.5  H2O  and  25  %  NH3  aqueous  solution.  Thus,  30  ml  O.IM  cadmium  acetate  solution,  120  ml  IM  sodium 
citrate  200  ml  1.5M  NH3  aqueous  solution  and  600  ml  distilled  water  were  mixed  at  room  temperature.  The  wet  cleaned 
glass  substrates  were  immersed  into  the  reaction  mixture  that  was  introduced  into  a  large  beaker,  jdaced  in  a  thermostat  The 
glass  platelets  were  Vertically  suspended  around  the  stirrer.  The  cteposition  bath  was  continuously  stirred  and  heated  to  the 
required  deposition  temperature.  After  the  thermal  equilibrium  was  reached,  50  ml  1  M  thiourea  solution  was  added  under 
stirring.  After  a  certain  deposition  time,  between  0.5  and  2.0  hrs,  the  glass  {datelets  were  taken  out,  carefully  washed  and 
dried  on  P2OS.  The  medium  pH  was  controlled  with  a  digital  pH-meter  and  was  adjusted  with  concentrated  ammoniac  or 
NaOH  solutions. 
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Cadmium  telluride  thin  films  were  obtained  by  a  thennal  vacuum  evaporation  technique,  from  99,999  %  CdTe  grains 
(Balzers,  Switzeriand).  The  film  deposition  was  performed  in  high  vacuum  (10"^  Torr  pressure)  on  the  CdS  deposited  glass 
sui^rt  heated  at  230  ®C.  The  deposition  time  was  between  5  sec.  and  1  min 

2.2  Samples  characterisation 

Cadmium  sulphide  and  cadmium  telluride  films  were  characterised  by  thickness,  crystalline  structure  and  UV-Vis 
transmitance  or  reflectance  measurements. 

The  film  thickness  was  determined  by  microgravimetric  method.  The  thickness  (h)  was  calculated  with  the  formula  h  =  Am  / 
2xSxp  or  h  =  Am  /  Sxp  for  films  deposited  either  on  both  sides  of  the  substrate  or,  respectively,  on  only  one  side;  the 
notation  meanings  are:  Am  =  amount  of  CdS  or  CdTe  deposited  on  substrate,  p  =  substance  density  and  S  =  film  surface. 
The  calculation  were  made  with  the  density  values  p  cds  =  4.82  g/cm^  and  p  cdxe  =  6.20  g/cm^. 

The  X-ray  dififiaction  patterns  were  obtained  by  means  of  a  standard  DRON-3M  powder  diffractometer,  working  at  45  kV 
and  30  mA  and  equipp^  with  scintillation  counter  with  single  channel  pulse  height  discriminator  counting  circuitry.  The  Co 
Ka  radiation,  Fe  filtered,  was  collimated  with  Soller  slits.  The  data  of  the  (111)  CdTe  profile  were  collected  in  a  step¬ 
scanning  mode  with  A26  =0.025^  steps  and  then  transferred  to  a  PC  for  processing.  From  the  line  broadening,  the 
microstructural  parameters  were  calculated. 

The  optical  investigations  were  made  in  UV-Vis  transmitance  measurements,  with  UNICAM  Spectrometer  UV4.  Some 
reflectance  measurements  were  made  with  RS A-UC-40  integrative  sphere  accessory. 

3.  RESULTS  AND  DISCUSSION 

3«1.  Cadmiam  sulphide  and  cadmium  telluride  films  formation 

Cadmium  sulphide  films  have  been  deposited  on  thoroughly  cleaned  glass  substrates,  by  the  reaction  between  cadmium 
acetate  and  tldourea  (TU).  The  first  experiments  (A1-A3)  were  performed  in  warm  deposition  baths  containing  ammoniac 


aqueous  solution.  The  following  reactions  are  involved 

NH3+H2O—  NH4^+H0  (1) 

Cd^+2  HO‘  Cd(OH)2  (s)  (2) 

Cd"^+4  NH3  [Cd(NH3)4l^  (3) 

(NH2)2CS+2  HO" S^"+2H20^-H2CN2  (4) 

Cd^^+  CdS  (s)  (5) 


Ammoniac  aqueous  solution  serves  at  pH  adjustment  of  the  deposition  medium,  before  the  TU  addition.  The  ammoniac 
amount  is  sufficient  to  convert  all  cadmium  ions  into  [Cd  (NHs)^]  ^  form.  The  rate  of  CdS  formation  (reaction  4)  is 
determined  by  the  concentration  of  Cd^^  species  provided  by  [Cd  (1^3)4]  and  the  concentration  of  from  the  thiourea 
hydrolysis.  The  Itydrolysis  rate  depends  on  the  pH  and  temperature  of  the  solution.  High  deposition  temperature  and  pH 
values  are  in  the  favour  of  generation  and  cadmium  sulphide  formation. 

Cadmium  sulphide  films  prepared  in  the  above-described  conditions  showed  low  uniformity  and  adherence  to  the  substrate. 
In  order  to  improve  the  film  quality,  an  additional  complexing  agent  was  used,  namely  sodium  citrate.  Althou^  the  NH3 
itself  ^rves  as  com|)lexing  /chelating  agent  for  Cd^^  the  citrate  was  found  to  be  important  to  film  adherence  by  further 
chelating  and  slowly  releasing  free  Ccf  ^  that  combine  with  free  species  generated  by  the  thiourea  hydrolysis^. 

Three  experiments  (A4  -  A6)  were  performed  in  deposition  baths  with  the  same  composition,  i.e.  (Cd  (CH3C(X))2]  =  3.0  x 
10‘^  mole/L;  (Na3C6H507l  =  1.2  x  10'^  mole/L;  [NH3]  =  3.0  x  lO'^  mole/L  and  [TU]=  5.0  x  10^  mole/L.  The  deposition 
temperature  was  kept  constant  at  about  TOT  and  the  initial  reagents  molar  ratio  was  [Cd^kfrU]  =  1:16,6  and 
ICdh:[NH3l  =  1:100. 

The  generation  of  CdS  film  from  cadmium  acetate  and  thiourea  could  be  described  by  the  general  equation: 
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(6) 


Cd(CH3COO)2  +  (NH2)2CS  +  2HO'  CdS  +  H2CN2  +  2H2O  +  2CH3COO 

The  deposition  time  was  between  0.5  and  2.0  hrs  and  the  pH  of  the  deposition  medium  was  strictly  controlled.  For  A4 
samples  preparation,  the  medium  pH  was  adjusted  at  about  9  by  addition  of  concentrated  NH3  a^eous  solution.  During  the 
A5  experiment,  the  jtfl  was  kept  relatively  at  high-level  (lO.O  1 1.0)  by  adding  IM  NaOH  solution.  No  pH  ai^ustment  was 
made  during  the  A6  experiment  In  this  case,  the  pH  decreased  continuously  from  10.3  to  8.7. 

In  our  experimental  conditions,  two  yellow-orange  CdS  deposits  were  formed  on  both  sides  of  the  glass  support.  The  two 
equally  adherent  and  homogeneous  films  were  of  about  1000  mm^  surface  each.  ThQr  were  specularly  refl^tive  and  devoid 
of  powdery  matter  at  the  surface. 

The  quality  of  CdS  films  could  be  estimated  on  the  basis  of  UV  -  Vis  tiansmitance  spectra  registered  for  different  portions 
and  positions  of  the  ^ass  substrate.  From  the  optical  homogeneity  point  of  view,  CdS  films  are  considered  g(^  (+),  poor 
(-)  and  acceptable  (±)  when,  for  different  portiohs  of  the  film,  the  absorbencies  at  530  nm  are  comparable  in  values,  hi 
addition,  CdS  thin  films  thickness  was  determined  by  microgravimetric  method.  In  order  to  dminish  the  measurement 
errors,  the  film  thickness  and  homogeneity  were  deduced  from  the  corresponding  values  for  the  entire  CdS/glass/CdS 
assembly.  Depending  on  preparative  conditions,  CdS  films  with  different  qualities  was  prepared,  film  thickness  being 
between  about  0.065  and  0.348  pm  (Tab.  1). 


Tab.  1  Samples  code,  layer  sequence,  some  CdS  films  preparative  parameters,  films  thickness  (indicated  according  to 

layers  sequence)  and  optical  homogeneity 


Samples 

Code 

Layers  sequence 

CdS  film  preparative  details 

Films  thickness  (pm) 

Optical 

homogeneity 

pH 

Temp  I'’ C) 

Time  (hrs) 

A41 

CkIS/glass/CdS 

9.0^9.! 

66 

0.50 

0.120/glass/0.120 

± 

A42 

CdS/glass/CdS 

9.0^9.! 

66 

1.00 

0.087/glass/0.087 

— 

A51 

CdS/glass/CdS 

10.0  4^  ll.O 

72 

0.75 

0.270/glass/0.270 

+ 

A52 

CdS/glass/CdS 

10.0  4  11.0 

72 

2.00 

0.338/glass/0.338 

± 

A61 

CdS/glass/CdS 

10.3  4  8.7 

70 

0.50 

0.105/glass/0.105 

— 

A62 

CdS/glass/CdS 

10.3  4  8.7 

70 

1.00 

0.105/glass/0.105 

+ 

A63 

CdS/glass/CdS 

10.348.7 

70 

1.50 

0.097/glass/0.097 

+ 

A64 

CdS/glass/CdS 

10.348.7 

70 

2.00 

0.076/glass/0.076 

+ 

A65 

CdS/glass/CdS 

10.3  4  8.7 

70 

2.00 

0.071/glass/0.071 

± 

A66 

CdS/glass/CdS 

10.3  4  8.7 

70 

1.50 

o.ioi/giass/0.101 

A67 

CdS/glass/CdS 

10.3  4  8.7 

70 

0.50 

0.082/glass/0.082 

+ 

A621 

CdTe/CdS/glass/CdS 

10.3  4  8.7 

70 

1.00  ^ 

0.274/0.105/glass/0. 105 

+ 

A64I 

C:dTe/CdS/gIass/CdS 

10.3  4  8.7  i 

70  1 

2.00  i 

0. 198/0.076/gIass/0.076 

+ 

A651 

CdTe/CdS/glass/CdS 

10.348.7 

70 

0.70 

0.165/0.071/glass/0.071 

± 

A612 

CdTe/CdS/glass 

10.3  4  8.7 

70 

0.50 

0.208/0.121/glass 

— 

A671 

CdS/glass 

10.348.7 

70 

0.50 

0.065/gIass 

+ 

A672 

CdTe/CdS/glass 

10.3  4  8.7 

70 

0.50 

0.115A).065/glass 

+ 

The  best  CdS/gJass/CdS  structures  were  selected  as  support  for  CdTe  deposition.  Cadrraum  telluride  films  were  obtained 
through  sublimation  of  CdTe  grains  and  deposition  onto  heated  substrates,  under  vacuum.  The  CdTe  films  were  deposited 
on  one  side  of  the  CdS/^ass/CaS  structure  and  measured  about  625  mm^  in  surfece  (A621,  A641,  A651  samples). 
Depending  on  the  deposition  time,  the  CdTe  film  colour  was  ligjit-to-dark  brown  and  the  thickness  was  variable  between 
about  0. 10  and  0.30  pm.  In  order  to  obtain  CdTe/(MS/glass  assembly  (A672  sample),  some  of  the  CdS/glass/CdS  structures 
were  partially  cleaned  with  HCl  solution,  resulting  in  CdS/^ass  stractures  (A671). 

CdS  films  with  comparable  thidkness  of  about  0. 10  pm  were  formed  in  deposition  baths  with  pH  bellow  10  value  (A4  and 
A6  series).  One  notes  that,  CdS  films  prepared  in  2  hours  ^position  were  only  0.07  -  0.08  pm  in  fliickness  (A64  and  A65). 
It  is  possible  that,  the  p-olonged  deposition  treatment  peduces  the  detachment  of  some  small  CdS  film  pieces  from  the 
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pMelet.  It  is  worth  reminding  tlmt  the  film  thickness  was  microgravimetric  determined.  This  method  gives  tlie  mean 
thickness  value,  for  both  side  of  the  substrate.  Moreover,  because  of  the  deposition  techniqpie  (one  way  stirring),  films  with 
unequal  thickness  could  be  formed  on  the  two  sides  of  the  substrate.  This  could  explain  the  different  thickness  values 
observed  for  A67  samples  and  the  corresponding  A67I  prepared  by  its  partially  acid  cleaning. 

The  thickest  CdS  films  were  deposited  at  pH  values  higher  than  10.  In  these  conditions,  the  rate  of  thiourea  hydrolysis  is 
relatively  high,  thus  rating  in  an  increased  suRjly  of  free  S^'  ions  to  combine,  on  the  nucleation  sites  at  the  substrate 
surface  with  the  Cd^  ions  rel^sed  by  dissociation  of  cadmium  chelates. 

The  surface  estate  of  the  glass  substrate  could  also  influence  the  CdS  film  quality.  This  fact  is  illustrated  by  the  different 
thickness  of  A61  and  A67  films  whose  deposition  time  was  equal,  i.e.  0.5  hrs.  Cadmium  sulphide  films  were  grown  on 
slightly  differently  treated  substrate.  In  the  moment  of  immersion  into  the  deposition  bath,  the  ^ass  siqjport  for  A67  sample 
was  dry.  This  resulted  in  the  formation  of  a  relatively  less  thick  CdS  film  as  compared  with  A61  sample  prepared  with  wet 
glass  substrate.  Apparently,  the  CdS  film-growing  rate  was  higher  in  the  later  case. 

3.2.  Optical  characterisation  of  cadmium  sulphide  and  cadmium  telluride  films 

Most  of  the  CdS  film  samples  exhibits  optical  homogeneity  and  high  transparency  and  shows  specular  reflectance.  Fig.  1 
presents  the  transmitance  spectra  of  some  of  the  CdS  films.  The  optical  analysis  shows  that  most  of  the  CdS  films  exhibits 
go(^  optical  properties  with  hi^  transmitance  for  wavelengths  greater  than  the  absorption  edge  at  about  510  nm.  For 
optical  homogeneous  films  such  as  A62,  A63  and  A67,  the  transmitance  at  wavelengths  longer  than  the  absorption  edge  is 
higher  as  the  film  thickness  is  increased.  In  spite  of  the  fact  that  A65  is  the  thinnest  CdS  film,  its  optical  transparency  is  the 
smallest,  thus  suggesting  the  optical  non-uniformity  of  the  as  prepared  CdS  films. 


Fig.  1  Optical  transmitance  spectra  of  some  CdS/ glass/ CdS  structures 
I)  A-  67  sample;  2)  A  63-  sample;  3)  A  62-sain)le;  4)  A  65-  sample 

The  UV  -  Vis  transmitance  spectra  of  some  of  the  heterostractures  were  measured.  The  corresponding  absorbance  spectra  of 
A671  and  A672  samples  are  depicted  in  Fig.  2.  The  optical  glass  support  shows  a  strong  absorption  under  300  nm  that  is 
well-evidenced  in  curve  2  corresponding  to  A671  sample.  The  absoibance  spectrum  of  this  sample  is  characteristic  for  the 
homogeneous  and  well-grown  CdS  films.  The  absoibance  of  CdTe/CdS/glass  structure  is  very  hi^  so  that  the  absorption 
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spectrum  is  irrelevant  for  this  case.  In  fact,  the  absorption  of  cadmium  telluride  film  is  so  intense  at  above  band-gap  eneipes 
(below  about  820  nm)  that  transmission  measurements  are  impracticable’.  The  optiral  analysis  of  CdTe/CdS/gJass 
heterostructure  could  be  performed  only  on  very  thin  films  (in  fact,  A672  sample  was  the  thinnest  heterostucture  prepared  at 
very  small  deposition  times  for  both  techniques).  The  UV  -  Vis  absoibance  spectrum  of  CdTe  film  could  be  put  in  ^dence 
by  subtracting  the  CdS/glass  spectrum  from  that  corresponding  to  CdTe/CdS/glass  structure.  The  characteristic  CdTe 
absorption  peak  at  about  3 18  nm  could  be  observed;  some  possible  additional  absorption  peaks  at  about  500  nm  and  720  nm 
are  also  su^ested.  In  our  experimental  conditions,  the  inflexion  corresponding  to  absorption  edge  of  CdTe  is  much  less 
abrupt  than  that  of  CdS  film  so  that  it  is  rather  difiicult  to  be  observed. 

For  Cdfe/CdS/glass  structure,  additional  information  could  be  obtained  in  0®  specular  excluded  reflectance  measurements. 
Fig.  3  dispkQTs  plots  of  the  optical  absorbance  versus  wavelengths  for  CdS/glass,  Cdfe/CdS/glass  and  CdTe/gJass  structures. 
In  these  measurements,  the  li^t  incidence  could  take  place  on  either  glass  or  film  side  of  the  structures.  In  this  respect,  the 
optical  absorption  spectra  are  different  for  the  same  investigated  structure.  When  the  li^t  incirtence  takes  place  on  the  glass 
side,  more  structured  film  spectra  could  be  obtained.  These  qjectra  contain  the  well-defined  absorption  band  of  the  gjass,  at 
about  3 10  nm,  and  are  situated  at  higher  optical  absorption  values. 


Pig.  2  UV-  Vis  absorbance  spectra  of  some  heterostnictnres 

1 )  A  672-saniple  wiflr  CdTe  /  CdS  /  glass  structure;  2)  A  67 1  -  sample  with  CdS  /  glass  struc^;  3)  subtraction  spectrum  (A  672-A  671 ) 
representing  the  CdTe  spectrum.  (Spectra  were  registered  in  transmitance  measurement) 


Fig.  3  UV-  Vis  absorbance  spectra  of  some  heterostructures 

1 )  A  671  -sample  with  CdS  /  glass  structure;  film  side  incidence;  2)  A  671  -  sample  with  CdS  /  glass  structure;  glass  side  incidence; 

3)  A  672  -sample;  CdTe  /  CdS/glass  structure;  glass  side  incidence;  4)  A  672  -  sample;  CdTe  /  CdS/  glass  structure;  films  side 
incidence;  5)  A  7  -sample;  CdTe  /  glass  structure;  glass  side  incidence;  6)  A  7  -sample;  CdTe/  glass  structure;  film  side  incidence. 
(Spectra  were  registered  in  0®  specular  excluded  reflectance  measurement) 
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By  comparing  the  spectra  of  different  film  structures,  registered  in  identical  conditions,  one  can  note  that  the  strongest 
absorption  bands  of  CdS  and  CdTe  individual  films  are  slightly  shilled  toward  shorter  wavelengths  in  the  CdTe/CdS 
heterostructure  (curves  2, 3  and  5). 

3.3.  Structural  characterisation  of  cadmium  sulphide  and  cadmium  telluride  films 

Crystalline  structure  of  cadmium  suljAide  and  cadmium  telluride  films  from  the  CdTe/CaS/glass  structure  (A672  sample)  as 
weU  as  that  of  the  cadmium  telluride  film  from  the  CdTe/gJass  stracture  (A7  sample)  were  determined  by  X-ray  difiraction 
(XRD). 

Cadmium  sulfdiide  film  possesses  hexagonal  stmcture  (wurtzite-type)  and  their  preferential  growing  planes  are  (101)  and 
(002).  One  can  note  that  CdS  was  chemical  bath  deposit^  on  glass  and  the  so  formed  assembly,  was  practically  annealed  at 
230  C,  during  the  vacuum  thermal  deposition  of  C^e  film  This  treatment  assures  the  hexagonal  structure  consolidation. 

Cadmium  telluride  film  possesses  cubic  structure  (zinc  blende  type).  The  strong  (111)  reflection  indicates  a  highly  textured 
film  deposited  on  CdS  or  glass  surface.  This  single  (1 1 1)  cadmium  telluride  XRD  line  was  analysed  in  order  to  datfimiinp! 
the  microstmctnial  parameters  of  CdTe  films  deposited  on  either  gjass  (CdS/glass  structure)  or  CdS  suRwrt 
(CdTe/CldS/glass  structure). 

It  is  well  known  that  the  XRD  line  broadening  is  caused  the  small  size  of  the  ciystallites,  the  lattice  strains  and  faults, 
and  the  experimental  difiraction  geometry*.  The  crystallite  size  distrilnition  function  was  determined  from  the  second 
derivative  of  the  strain-corrected  Fourier  coelSicients  by  a  method  developed  by  Aldea  and  Indrea  by  a  XRLINE  computer 
program.  The  structi^  inform^on  obtained  by  single  X-ray  profile  Fourier  analysis  of  polycrystalline  CdTe  films  were: 
the  efiective  crystallite  mean  size  (Dm),  the  root  mean  square  of  the  miaostrains  averaged  along  [hkl]  direction,  and  the 
stacking  fault  probability®. 

Figs.  4  and  5  illustrate  the  distribution  function  of  the  crystallite  size  and  the  distribution  of  the  crystalline  lattice  of 
cadmium  telluride  films  fi:om  CdTe/glass  and  CdTe/  CdS/  glass  structures. 


crystallite  size  ( A  ]  crystallite  size  ( A  ] 


Pig.  4  The  crystallite  size  distribution  function  of  CdTe  films  Fig.  5  The  crystalline  lattice  strains  distribution  of  CdTe  films 

1-  CdTe/glass  structure;  2-  CdTe/CdS/glass  structure  1-  CdTe/glass  structure;  2-  CdTe/CdS/glass  structure 
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One  notes  that  aystallite  sizes  of  cadmium  telluride  are  relatively  small  when  the  vacuum  deposition  is  perform^  on  ^ass 
substrate.  About  two  times  larger  crystallite  are  grown  on  cadmium  sul{*ide  film.  As  for  the  ciystalline  lattirej^s  is  more 
strained  in  the  case  of  CdTe  film  deposited  on  glass.  Table  2  sununarises  the  microstnictural  parameters  of  CdTe  film^  i^. 
the  effective  crystallite  size  along  the  perpendicular  direction  to  the  (111)  planes  [Dm],  the  root  mean  square  of  the 

microstrainsaveragedalongthe(lll]diiection[<6^),ii''^andthestackingfaultprobability  [aj. 


Tab.  2  Microstnictural  parameters  for  the  CdTe/glass  and  CdTe/CdS/glass  structures. 


Samiides 

Layer 

D„(A) 

<e='>„,'^x  10^ 

a 

Code 

structure 

A672 

CdTe/CdS/glass 

308 

2.27 

0.028 

A7 

CifTe/glass 

140 

6.01 

0.074 

The  crystalline  lattice  of  CklTe  film  grown  on  glass  supported  CdS  layer  is  about  three  times  more  rich  in  slacking  feults, 
and  is  constituted  from  larger  crystallites  than  the  corresponding  film  directly  grown  on  die  glass  substrate. 

4.  CONCLUSIONS 

Cadmium  sulfide  films  were  glass  deposited  from  cadmium  acetate  and  diiourea,  in  the  presence  of  ammoniac  and  sodiuin 
citrate  as  chelating  agent  The  CBD  conditions  assure  the  formation  of  CdS  films  with  good  optical  homo^neily  and 
adherence,  with  thickness  between  0.065  and  0.338  pm,  depending  on  the  deposition  time  and  bath  alkalinity.  Films  are 
specularly' reflective  and  devoid  of  powdery  matter  at  surface.  In  vacuum  deposition  technique,  CdTe/CdS/^ass  structures 
were  obtained,  the  CdTe  films  being  between  0. 1 15  and  0.274  pm  thickn^s,  depending  on  deposition  time. 

CdS/glass  structures  are  well  diaiacterised  by  UV-Vis  transmilance  method  that  evidences  the  characteristic  CdS  absorj^on 
bands.  Cdfe/CdS/glass  heterostmctures  are  test  characterised  by  0®  specular  excluited  reflectance  measurement  especially 
for  the  li^t  incMp"'^  on  the  glass  side  of  the  structure.  TTie  strongest  absorption  bands  of  CdS  and  CdTe  individual  films 
are  slighfiy  shifted  toward  shorter  wavelengths  in  the  CdTe/CdS  heterostracture. 

XRD  patterns  show  that  cuWc  cadmium  telluride  film  was  grown  on  CdS  layer  that  presents  hexagonal  crystalline  structure. 
The  microstructural  investigations  illustrate  that  the  cadmium  sulphide  substrate  is  favourable  to  the  growth  of 
polycrystalline  CdTe  films  with  relatively  large  crystallite  size  and  low  concentration  of  crystalline  imperfections  (in 
comparison  with  the  glass  substrate). 
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ABSTRACT 

Under  short  UV  or  roentgen  radiation,  the  self-activated  calcium  tungstate  phosphors  (CaW04:W)  exhibit  blue 
luminescence  and  could  be  used  as  luminescent  pigments  for  the  manufacture  of  X-ray  intensifying  screens  and  fluorescent 
lamps  for  luminous  signs.  As  luminescent  pigments,  CaW04:W  phosphor  has  to  possess  hi^  luminescence  characteristics 
and  well  defined  particle  sizes.  This  stuefy  presents  the  influence  of  synthesis  conditions  on  morphostmctural  and 
luminescent  characteristics  of  CaW04:W  phosphors.  Phosphors  were  prq>ared  by  thermal  synthesis  from  mixtures 
consisting  of  precipitated  CaW04  and  CaC^  as  flux;  both  reagents  were  luminescent  grade.  Calcination  was  performed  at 
600-1000  °C  for  0.5-2.0  h,  in  air.  The  crystalline  structure  (XRD-pattems),  particle  size  distribution  and  luminescent 
characteristics  (emission  and  excitation  spectra)  of  phosphors  were  determined  and  interpreted 

Keywords:  phosphors,  calcium  tungstate,  luminescent  substances 

1.  INTRODUCTION 

The  self-activat^  calcium  tungstate  phosphor  (CaW04:W),  excited  by  short  wavelength  ultraviolet  radiation.  X-rays,  or 
cathode-ray  exhibits  blue  fluorescence  and  could  be  used  as  luminescent  pigments  for  luminous  signs  or  various  opto¬ 
electronic  devices.  The  luminescent  emission  is  correlated  with  certain  electronic  transitions  which  take  place  inside  of 
some  native  defects  that  are  uniformly  distributed  into  the  weU-formed  crystalline  structure  of  calcium  tungstate.  The  nature 
of  the  self-activated  luminescence  centres  and  the  luminescence  process  have  not  been  entirely  elucidated  yet,  so  that 
tungstate  jAosphors  still  arise  a  lot  of  interest^’^. 

In  order  to  be  used  as  luminescent  pigment,  CaW04:W  phosphor  has  to  possess  the  following  characteristics:  good 
absorption  for  the  exciting  radiation  and  a  high  conversion  efficiency  of  the  exciting  energy  visible  li^;  stable  luminescent 
properties;  well  defined  particle  sizes,  in  agreement  with  the  requests  of  application  domain^. 

The  phosphor  ^thesis  implies  both  the  preparation  of  the  host  crystalline  substance  (i.e.  tetr-C:aW04)  and  the  formation  of 
luminescence  centres  (i,e.  some  imperfect  tetrahedral  W04^“  groups).  Generally,  the  self-activated  phosphor  could  be 
obtained  the  firing  of  the  CaW04  -  precipitate.  The  earlier  literature  presents  rather  incomplete  information  on  phosphor 
preparation.  Usually,  calcium  tungstate  is  precipitated  from  calcium  chloride  and  ammonium  or  sodium  tungstate  and,  in 
order  to  create  luminescence  centres,  CaW04  -  precursor  is  thermally  treated  at  700-1000®C^  The  thermal  synthesis  is 
frequently  performed  in  the  presence  of  the  mineralising  agent  that  contributes  to  both  the  adjustment  of  phosphor  particle 
size  distribution  and  the  crystalline  lattice  arrangement  and  the  subsequent  luminescent  centres  formation^.  During  this 
thermal  treatment,  there  could  be  also  created  some  other  lattice  defects  that  show  unfavourable  effect  on  the  luminescence 
properties.  For  this  reason,  the  self-activated  calcium  tungstate  phosphor  is  very  sensitive  even  to  small  variations  of  the 
synthesis  parameters  influencing  the  concentration  of  native  lattice  defects. 

Calcium  tungstate  phosphors  properties  are  strongly  influenced  by  the  qualify  of  CaW04  precursor  and  conditions  of 
thermal  synthesis.  Our  earlier  studies  enabled  us  to  establish  the  correlation  between  precipitation  conditions, 
mori^ostmcturai  characteristics  of  CaW04  precursor  and  luminescent  properties  generated  thereof^’^.  The  literature  data 
offer  few  information  concerning  the  consequences  of  the  thermal  treatment  on  phosphor  characteristics.  There  is  no 
correlation  between  liuninescence  intensify  and  firing  conditions,  or  between  the  particle  size  distribution  and  the 
luminescent  properties  of  self-activated  calcium  tungstate  powders.  The  objective  of  this  paper  is  to  study  the  influence  of 
the  thermal  synthesis  conditions  on  morphostructural  and  luminescent  characteristics  of  CaW04:W  phosphor.  Actually,  this 
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study  could  pennit  us  to  precise  the  ofrtimum  thermal  treatment  for  the  synthesis  of  CaW04  i*osphor  utihsable  as 
luminescent  (Hgment. 


2.  EXPEMMENTAL  PART 


2.1.  Preparation  of  precureor  and  phosphor  samples 

Luminescent  grade  calcium  tungstate  (l.g.  CaW04)  is  prepared  from  hi^y  purified  solutions  of  CaCh  and  Na2W04.  Equal 
volumes  of  reagent  solutions  with  equal  concentrations  were  simultaneously  added  to  a  bottom  solution  containing  a  small 
Na2W04  amniitit  The  precipitation  pH  was  adjust  to  8.0±0.2  by  using  small  quantities  of  diluted  NaOH  solution.  The 
precipitation  was  conducted  at  20  °C  and  was  followed  by  a  maturation  stage  (Ihr)  taking  place  at  20  C.  The  precipitate 
batches  were  filtered,  well  washed  and  dried  at  105  °C. 

In  order  to  synthesise  the  corresponding  phosphor  samples,  aU  CaW04  pecipitate  batches  were  calcinated  at  600-1000  °C, 
in  air  (in  covered  crucibles),  for  0,5-2, 0  his.  After  the  thermal  treatment  is  over,  the  sample  are  quickly  cooled  and  then  they 
are  water  dispersed,  washai  and  dried 

2.2.  Characterisation  of  CaW04  precursor  and  phosphors 

The  CaW04  pecursor  samples  were  characterised  by  Atomic  Absorption  Spectroscopy,  thermal  analysis.  X-ray  dinraction 
and  particle  size  analysis  (Coulter  Counter  method).  As  for  the  phosphor  samjdes,  they  were  characterised  by  particle  size 
distribution  (Coulter  Counter  method)  and  luminescent  properties.  The  luminescent  emission  was  estimated  on  the  basis  of 
spectia  that  were  registered  at  room  temperature  on  a  204  Perkin  Elmer  Spectrofluorimeter,  with  a  254  nm  UV 
excitation,  in  comparison  with  standard  (CaW04;W  phosphor,  N61  type.  Bad  Liebenstein). 

3.  RESULTS  AND  DISCUSSION 

Our  earlier  stuHipc  showed  that  the  quality  of  C:aW04-  {wecipitate  strongly  influences  the  luminescent  jnoperties  and 
morjAostructuial  characteristics  of  CaW04:W  phosphors.  In  order  to  obtain  reproducible  results,  care  had  to  be  taken  to 
prepare  a  large  and  homogeneous  batch  of  calcium  tungstate  precipitate  with  well  defined  chaiacteristies.  Calcium  tung^te 
precursor  was  jxepared  at  room  temperature,  Ity  simultaneous  addition  of  C!aCl2  and  Na2W04  reagents,  in  a  pH  stabilised 
precipitation  medium 

The  precipitation  conditions  assure  the  formation  of  an  homogeneous  CaW04  (secipitate  with  luminescent  grade 

quality.  The  main  jxecursor  characteristics  are:  low  level  of  metallic  inqiurities  content  (heavy  metal  ions  amount  is  less 
than  1x10-^  %),  smaU  thermal  wei^t  loss  (Aw  is  less  than  2.5  %),  hi^  luminescence  ability  and  uniform  particle  size 
distribution  with  a  median  diameter  of  16  pm®. 

In  order  to  sturfy  the  influence  of  thermal  synthesis  conditions  on  phosphor  characteristics,  various  CaW04:W  samples  were 
prepared  with  or  without  mineralising  agent  (flux)  at  different  firing  temperatures  and  for  different  firing  periods. 

3.1.  Influence  of  the  firing  temperature  and  mineralizing  ^ent  on  phosphors  characteristics 

For  flie  tv»ginniiig  we  have  in  view  the  influence  of  firing  temperature  on  the  luminescent  p-operties  and  particles  size 
distribution  of  CaW04:W  samples,  fri  this  respect,  two  series  of  self-activated  CaW04:W  samples  were  pepared  in  different 
synthesis  conditions  as  follows: 

•  Series  A  :  synthesis  mixture  without  flux;  firing  temprature  600-1000  °C,  firing  time:  1  hr, 

•  Series  B:  synthesis  mixture  with  10  wt.  %  CaCU;  firing  temperature  600-1000  °C,  firing  time:  1  hr. 

The  tnminp<aY»nrp.  popities  of  phosphor  samites  were  appeciated  on  the  basis  of  the  fluorescence  spectra.  All  spectra 
consist  of  one  large  emission  band  centred  at  about  400  nm,  the  peak  intensity  being  variable  depnding  on  thermal 
synthesis  regime  Fig.  1  shows  the  variation  of  the  relative  intensity  with  the  firing  ten^ierature  and  illustrate  the 
min^^iicing  action  of  CaCfe.  The  depicted  curves  show  that,  for  CaW04:W  phosi^or  saipil^  preiwed  wifli  or  wi&out 
CaCl2,  tire  rise  of  firing  temprature  determines  a  continuous  increasing  of  luminescence  intensity.  Tins  could  be  explained 
by  the  intensification  of  intra-grain  recrystallisation  pocess  and  the  subsequent  formation  of  both  a  hi^er  concentration  of 
centres  and  a  lower  concentration  of  quenching  centres. 

For  Series  A  of  campi*^,  fired  with  no  flux  addition,  the  maximum  luminescence  intensity,  is  obtained  at  900  °C  and 
repesents  only  95  %  of  the  standard  correspnding  value.  The  emission  intensity  of  Series  B  of  samples,  fired  with  flux 
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(10  wt  %  CaCIa)  is  with  10-30  %  hi^er  than  the  corresponding  values  of  A  phosphor  series.  This  behaviour  illustrates  the 
favourable  role  of  both  the  mineralising  agent  and  firing  temperature  in  the  phosphor  ^thesis.  Calcium  chloride  acts  in  the 
favour  of  lattice  defects  formation.  As  a  result,  an  optimum  concentration  of  luminescent  centres  could  be  realised  and  the 
enhancement  of  the  blue  luminescence  becomes  possible. 

In  the  case  of  Series  B  of  samples,  the  emission  intensity  values  are  situated  above  100  %;  the  maximum  value  is  realised  at 
900  °C  (Irei  =  106  %).  Above  this  firing  temperature,  the  luminescence  intensity  slowly  decreases.  This  could  be  explained 
either  by  a  partial  thermal  dissociation  of  CaW04  determining  the  formation  of  non  luminescent  phases  on  phosphor  grain 
surface,  or  by  a  slight  syntherisation  conducting  to  the  partial  annihilation  of  lattice  defects  responsible  for  luminescence. 

The  minerahsing  agent  acts  both  in  the  inter-grain  and  intra-grain  reciystaUisation  processes  whose  developing  rate  depends 
on  firing  temperature.  Taking  into  account  that  mter-grain  recrystallisation  could  influence  the  grains  dimensions  of 
luminescent  powders,  the  particle  size  distribution  of  CaW04:W  phosphor  samples  was  determined  From  particle  size 
distribution  integral  curves  (registered  with  Coulter  Counter  method),  the  particle  median  diameter  (dsoo/,)  is  calculated 
Fig.  2  presents  the  variation  of  the  median  diameter  with  the  firing  temperature  and  with  the  flux  presence  One  observes 
that,  for  phosphor  prepared  without  flux  addition  (sample  Series  A),  the  median  diameter  of  phosphor  grains  decreases 
slowly  with  the  increase  of  the  firing  temperal^.  Tliis  could  be  explained  by  the  fact  that,  during  the  thermal  treatment,  as 
the  firing  temperature  is  rising,  the  initial  grains  of  CaW04-precursor  are  gradually  disintegrated  The  process  is  complete 
only  at  temperature  higher  than  1000  °C. 

In  the  case  of  samples  prepared  with  CaCl2  as  mineralising  agent  (sample  Series  B),  the  variation  of  median  diameter  is 
quite  different.  In  the  beginning,  between  600-700°C,  the  median  diameter  gradu^y  decreases  dues  to  the  precursor 
dispersion.  At  higher  temperatures,  the  median  diameter  starts  to  increase,  fact  that  illustrates  the  development  of  inter-grain 
recrystallisation  process.  For  this  phosphor  series,  the  smallest  phosphor  grains  are  obtained  at  700  ®C  (d5oo/o  =  8.0  ^m),  in 
presence  of  mineralising  agent  CaCb. 

3.2.  Influence  of  the  firing  time  on  phosphor  characteristics 

In  order  to  evaluate  the  optimum  firing  time,  five  phosphor  Series  C-G  were  prepared  in  different  thermal  conditions. 
Phosphor  samjdes  were  characterised  by  particle  size  distribution  and  emission  spectra  so  that  the  median  diameter  and 
relative  emission  intensity  could  be  calculated  (Tab.  1). 


Tab.  1  Luminescent  and  granulometric  characteristics  for  CaW04:W  phosphor  samples  prepared  in  different  thermal 

conditions  (with  10  wt  %  CaCL) _ 


No 

Phosphor  series 

Firing 

temperature 

(“Q 

Firing  time 
(h) 

(%) 

dso% 

(inn) 

1 

C 

600 

0.5 

2816 

2 

c 

600 

1.0 

88.0 

25.8 

3 

c 

600 

1.5 

82.5 

_ 

4 

c 

600 

^  2.0 

100.0 

12.8 

5 

D 

700 

0.5 

98.5 

9.40 

6 

D 

700 

1.0 

103.5 

9.40 

7 

D 

700 

1.5 

100.0 

_ 

8 

D 

700 

2.0 

103.5 

7.80 

9 

E 

800 

0.5 

102.0 

8.0 

10 

E 

800 

1.0 

104.0 

8.0 

11 

E 

800 

1.5 

104.0 

- 

12 

E 

800 

_ ZO _ 

105.5 

_ 9^0 _ 

13 

F 

900 

0.5 

105.0 

8.5 

14 

F 

900 

1.0 

106.0 

9.5 

15 

F 

900 

1.5 

104.5 

- 

16 

F 

900 

2.0 

105.0 

11.3 

17 

G 

1000 

0.5 

106.5 

9.2 

18 

G 

1000 

1.0 

104.0 

10.4 

19 

G 

1000 

1.5 

103.5 

_ 

20 

G 

1000 

2.0 

97.5 

_ 9^5 _ 
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Figs.  3  and  4  illustrate  the  influence  of  the  firing  time  on  luminescent  and  granulometric  properties  of  C  -  G  phosphor 
samples 


U 


600 


700 


800  900  1000  (®C) 

firing  temperature 


Fig.  1  The  variation  of  relative  emission  intensity  versus  firing  temperatures  for  CaW04:W  phosphors 
prepared  without  CaCl2  (series  A)  and  with  CaCl2  (senes  B) 


Fig.  2  The  variation  of  the  median  diameter  verstt5  firing  temperatures  forCaW04:W  phosphor 
samples  prepared  without  CaCl2  (series  A)  and  with  CaCl2  (series  B) 
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Fig.  3  The  variation  of  relative  emission  intensity  versus  firing  time  for  CaW04:W  phosphors  prepared  at 
different  temperatures,  with  CaCl2  (series  C-G) 


0.5  1.0  1.5  2.0 

filing  time  (h) 


Fig.  4  The  variation  of  median  diameter  versus  firing  time  for  CaW04:W  phosphor  samples  prepared  at 
different  temperatures,  with  CaCl2  (series  C-G) 


Fig.  3  illnstratps  the  dependence  of  relative  intensity  with  the  firing  time,  for  temperatures  between  600  and  1000  °C.  Ctae 
can  note  that  the  luminescence  intensity  tends  to  increase  with  the  firing  time.  For  saitqtles  prepared  at  600, 700  and  800  °C 
(C,  D  and  E  fhosphor  Series),  an  irregular  variation  of  emission  intensity  could  be  observed.  The  variation  curve  of 
lu^escence  intensity  presents  a  small  maximum  corresponding  to  one  hr  calcination  at  about  900  “C.  As  for  the  sample 
Series  G  synthesised  at  1000°C,  the  relative  intensity  decreases  continuously  as  the  firing  time  increases. 


From  the  point  of  view  of  the  modification  of  particle  sizes  with  firing  time  and  temperatures,  two  o^wsite  tendencies  could 
be  observed:  Airing  the  thermal  synthesis,  i.e.  the  diminution  of  powder  grains  that  is  relat^  to  the  precursor  parbcles 
disfiftrsinn  and  the  increase  of  the  particle  dimensions  as  a  result  of  inter-grain  recrystallisation  acceleration.  Fi&^4 
iPnstratec  the  variation  of  the  median  diameter  with  the  phosphor  firing  time.  The  firing  of  phosphor  samples  at  6W  °C 
(tftprminpi!  the  decrease  of  the  average  particles  diameter  as  a  result  of  the  pecursor  grains  dispersal.  The  prolongation  of 
the  firing  time  intensifies  this  dispersion  process.  In  the  case  of  phosphor  samples  fired  at  700  °C,  the  same  decrease  of  the 
particles  average  diameter  could  be  noticed.  A  firing  period  of  2  hrs  assures  the  total  dispersion  of  CaW04-precipitate 
grains  At  firing  temperature  much  hi^er  than  that,  the  prolongation  of  the  firing  time  acts  in  the  favour  of  the  phosphor 
grains  ^wth.  This  indicates  that  the  inter-grain  recrystallisation  process  are  intensified  during  the  thermal  synthesis  stage. 
The  presence  of  CaCb  as  a  mineralising  agent  contributes  to  the  enhancement  of  all  these  recrystallisation  processes. 

4.  CONCLUSIONS 

The  ttipmial  treatment  conditions  influence  the  morjAiostractural  and  luminescent  properties  of  CaW04:W  phosphors: 

1.  The  firing  temperature  influences  the  particle  size  distribution  of  CaW04:W  phosphors.  A  median  diameter  of  about 
s'o  pm  could  be  reached  by  firing  the  synthesis  mixture  for  1  hour  at  800  °C.  Hi^er  dimensions  i.e.  a  median  diameter  of 
about  9.5  -  10.0  pm  could  be  obtained  with  one  hour  treatment  at  900  °C. 

2.  The  firing  temperature  influences  also  the  luminescent  properties  of  CaW04:W  phos^Aior  samples.  In  the  peserice  of 
minpxaliring  agent  (CaCb),  the  optimum  temperature  domain  is  700  -  900  °C.  Bellow  this  temperature,  the  conr^ntration  of 

centres  is  smaller  then  their  optimum  value  and  at  firing  temperature  hi^er  then  900  C,  the  thermal 
decomposition  could  ^^3ear  so  that  some  non-luminescent  local  phases  could  be  formatted. 

3.  The  firing  fimp;  affects  especially  the  particle  size  distribution  of  CaW04:W  phosphor  grains.  For  phosphor  san^l^ 
prepared  at  800  -  900  °C  the  optimum  period  for  the  thermal  treatment  is  1  hour.  The  {yolongation  of  the  firing  time  acts  m 
the  fevour  of  the  i*osphor  grains  increasing. 

As  a  result  of  this  stutfy,  the  optimum  synthesis  conditions  of  the  self  -  activated  calcium  tungstate  jAosphor  could  be 
estaMighpfi  The  material  produced  by  a  thermal  treatment  of  one  hour  firing  at  900  ®C,  shows  a  relatively  strong  blue 
emission  and  could  be  used  as  luminescent  pigment. 
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ABSTRACT 

Attempts  were  made  to  synthesise  copper  activated  zinc  sulphide  phosphors  sensitive  to  p  -radiation.  In  this  purpose, 
homogeneous  synthesis  mixtures  were  prepared  from  luminescent  grade  zinc  sulphide  -  thiosulfate  route  copper  nitrate 
and  alkaline  and  /or  alkaline-earth  chloride  and  were  fired  at  800-900  ^C,  in  nitrogen  atmosphere.  ZnS:Cu,Cl  phosphors 
prepared  in  various  synthesis  conditions  were  characterised  by  ciystalline  stmcture,  particle  size  distribution  and 
luminescent  properties  under  UV  excitation.  Some  ZnS,*Cu,Cl  sample  phosphors  were  used  to  manufacture 
radioluminescent  sources  and  their  sensitivity  to  p  radiation  was  estimated.  The  optimum  ^thesis  conditions  were 
established. 

Keywords:  phosphors,  zinc  sulphide,  luminescence,  radioluminescent  substances 

1.  INTRODUCTION 

The  simultaneous  incorporation  of  copper  ions  -  activators  -  and  halogenide  ions  -coactivators-  into  the  crystalline  lattice 
of  zinc  sulphide  -host  lattice-  generates  phosphors  that  show  intensive  green  luminescence  when  excited  by  UV  radiation. 
X-rays,  electron  beam,  a  or  p  radiation  etc^’^.  There  are  three  most  important  categories  of  ZnSiCu  phosphors  with 
different  characteristics  and  applicability: 

•  powders  with  small  size  particles  (the  particles  median  diameter  d  is  less  than  10  ^m),  cubic  structure  and  short 
persistent  luminescence  <=>  luminescent  pigments  for  image  intensifiers,  P-particles  detectors,  radioluminescent  paints 
and  sources; 

•  pow(^rs  with  medium  size  particles  {d=  10  20  pm),  cubic  structure  and  short/medium  persistent  luminescence  <=> 

luminescent  pigments  for  CRT  screens,  oscilloscopes; 

•  powders  with  large  particles  (  d  higher  than  20  pm),  hexagonal  structure  and  medium/long  persistent  luminescence 
<=>  luminescent  pigments  for  scintillators,  phosphorescent  paints. 

ZnS-type  phosphors  are  prepared  by  thermal  s^thesis  from  mixtures  containing  luminescent  grade  zinc  sulphide  (l.g. 
ZnS),  alkalme  or/and  alkaline  earth  halides  (flux)  and  copper/silver  salts  (activator  source).  Luminescent  properties, 
ciystallme  structure  and  particle  size  distribution  of  ZnS-type  phosphors  strongly  depend  on  flux  nature  and  concentration, 
activator  type  and  amount  and  thermal  synthesis  conditions.  In  our  previous  works  we  showed  that  the  quality  of 
luminescent  grade  zinc  sulphide  used  as  starting  material  could  influence  also  the  properties  of  this  phosphor  type^’^. 

Zinc  sulphide  used  as  starting  material  in  phosphor  synthesis  is  usually  prepared  by  H2S  or  thiourea  methods.  Thiosulfate 
route  could  be  used  to  produce  zinc  sulphide  with  well  defined  characteristics  that  could  be  successfully  converted  into 
silver  or  copper  activated  phosphors,  as  shown  by  our  previous  papers^’^.  The  aim  of  the  present  stucty  is  to  report  some  of 
our  results  concerning  the  conversion  of  the  same  ZnS-type  into  copper  activated  phosphors  with  well  formed  ciystalline 
structure  and  small  powder  particles  sensitive  to  p-radiation.  Moreover,  some  of  the  optimum  synthesis  conditions  could 
be  specified 
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2.  EXPERIMENTAL  PART 


2.1.  Samples  preparation  --  j 

Several  liiminp^rftnt  grade  zinc  sulphide  batches  were  prepared  by  thiosulfate  method  fixtm  highly  purified  ZnS04  and 
NaaSaOs  solutions.  The  preparation  procedure,  that  is  largely  described  in  our  previous  worl^’®,  consists  in  two  stages 
namely  precipitation  and  pre-calcination.  The  precipitation  parameters  are  as  follows:  reagents  initial  concentrations  equal 
to  0,55  mole/L  ZnS04  and  1,10  mole/L  Na2S203;  buffer  reagent  (sodium  acetate)  concentration  equal  to  0.11  mole/L; 
precipitation  time  and  temperature  equal  to  2  hrs  and  100  °C,  respectively;  variable  maturation  period  in  the  range  of  24  to 
%  hrs.  After  the  maturation  period  is  terminated,  the  wet  sulphide  deposit  is  passed  through  a  plastic  sieve  with  medium 
sized  meshes  so  that  the  free  sulphur  is  partially  removed  The  so  obtained  precipitate,  containing  ZnS  and  free  sulphur,  is 
filtered  well  washed  with  demineralized  water  and  dried  at  120  °C  The  pre-calcination  of  the  dry  raw  sulphide  takes  place 
in  a  preheated  fiunace  at  900  °C,  in  nitrogen  flow;  special  quartz  ampoules  are  used  in  this  purpose.  After  one  hour  of 
thffnnal  treatment,  sulphide  samples  are  quickly  cooled  to  room  temperature.  In  order  to  control  the  zinc  sulphirfc  particle 
sur&ce  and  size,  most  of  the  raw  sulphide  batches  were  mixed  with  ammonium  chloride  before  the  pre-calcination  stage. 
NILtCl  addition  is  calculated  to  correspond  to  5  g/100  g  ZnS  final  product. 

ZnS;(XCl  !ciniplfis  were  prepared  in  the  usual  maimer  of  phosphor  synthesis.  Homogeneous  mixtures  consisting  in  l.g. 
ZnS,  2%  NH4CI  or  NaCl  or  MgCt  or  BaCb  and  Cu(N03)2  equivalent  to  0.01  g  CWlOO  g  ZnS  are  prepared  Phosphor 
samples  were  synthesised  in  quartz  ampoules,  at  800  or  900  T,  in  a  protective  N2-atmosfere.  The  samples  cooling  was 
rapidly  performed  in  specially  designed  device  with  protective  atmosphere.  Phophor  samples  were  water-washed  to 
remove  the  remnant  flux,  and  finaUy,  they  were  dried  and  sieved  Mention  must  be  made  that  all  substances  u^  for 
phosphors  synthesis  as  well  as  for  zinc  sulphide  preparation  are  luminescent  grade  quality  and  are  prepared  in  our 
laboratory,  by  original  procedures. 

2.2.  Samples  characterisation 

Sulphide  and  phosphor  samples  were  characterised  by  crystalline  structure,  particle  size  distribution  and  lummescent 
properties  rmder  UV  excitation.  XRD  patterns  were  registered  on  PW  1050  Philips  Difiractometer  (CuKa).  Partrcles  size 
distribution  was  ^termined  with  Coulter-Counter  method  Emission  spectra  were  registered  at  room  temperature,  on  a  PC 
coupled  204  Perkin  Fimor  Spectrofluorimeter;  excitation  was  performed  with  365  nm  radiation  and  UGl  optical  filter  was 
used  to  select  the  exciting  radiation.  Phosphors  luminescent  characteristics  were  compared  with  those  of  a  ZnSrCu 
phosphor  sensitive  to  electron  beam.  Cathodoluminescent  pigment  Lumilux  B31.10  (Riedel-de-Haen)  was  used  as  standard 
The  sensitivity  to  p-radiation  of  some  ZnS:Cu,Cl  samples  was  checked  out  by  using  them  to  manufacture  radioluminescent 
paints  or  sources  (Betalights)  of  standard  type. 

3.  RESULTS  AND  DISSCUTION 

Luminescent  properties  and  particle  size  distribution  are  the  main  characteristics  determining  the  u^  of  ZnS-type 
phosphors  as  luminescent  pigments.  These  properties  depend  in  a  great  extent  on  the  zinc  sulphide  quality  and  thermal 
synthesis  conditions. 

For  the  preparation  of  luminescent  grade  zinc  sulphide  via  thiosulfate,  method  we  finahsed  a  procedure  consisting  of  two 
namely  precipitation  and  pre-calcination.  During  the  precipitation  stage,  as  a  result  of  ZnS04  and  NaS203 
interaction  many  secondary  products  are  formed*.  The  separated  solid  reaction  product  -  called  raw  sulphi^-  includes  zinc 
sulphide  and  a  controlled  amount  of  free  sulphur.  The  pre-calcination  stage  assures  the  sulphur  volatilisation  and  the 
thermal  recrystallisation  of  the  remaining  zinc  sulphide.  The  quality  of  zinc  sulphide  prepared  Ity  thiosulfate  route  is 
iiifinp.TirpH  by  many  preparative  parameters  such  as:  reagent  concentration,  acidity  of  precipitation  medium,  precipitate 
mafnratinn  period,  amount  of  free  sulphur  in  the  raw  sulphide,  presence  of  some  additives  in  the  raw  sulphide,  pre¬ 
calcination  re^me  (firing  temperature  and  time,  sample  cooling  rate,  firing  atmosphere)  etc. 

The  zinc  sulphide  prepared  via  thiosul&te  method  that  we  usually  use  in  phosphor  manufacture  is  a  high  punty  materM, 
with  less  than  5x10'^  %  heavy  metal  ions  concentration,  possesses  mixed  crystalline  structure  with  about  90%  cubic 
moHifiratinn  oont^nt,  shows  uniform  particle  sizc  distribution  with  a  median  diameter  of  about  6  pm  and  exhibits  good 
luminescence  ability  as  shown  Ity  our  prevtous  paper^ . 
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For  the  present  study  we  try  to  propose  another  preparation  procedure  for  l.g.  ZnS  so  that  the  purity  state  of  the  grain 
sur&ce  in  rajport  with  oxygenated  compounds  to  become  higher.  For  this  reason  we  tiy  to  buffer  the  precipitation  medium 
so  that  the  pH  of  precipitation  bath  to  do  not  decrease  under  2  value.  The  buffer  substance  is  sodium  acetate  and  its 
addition  is  made  in  a  special  manner.  Siq^lementaiy  we  tiy  to  assure  a  complete  deoxydization  of  the  sulphide  sur&ce  by 
adding  ammonium  chloride  to  the  raw  sulphide  before  the  pre-calcination  stage.  The  simultaneous  volatilisation  of 
ammonium  chloride  and  sulphur  from  the  raw  sulphide  assure  a  good  sulphide  deoxydization. 

3.1.  Influence  of  synthesis  conditions  on  zinc  sulphide  and  phosphors  particle  size  distribution 
Four  raw  sulphide  batches  differing  by  their  variable  maturation  period  were  prepared  in  the  described  conditions  and  pre¬ 
calcinated  to  ^ve  the  A-4o-D  ZnS-types.  For  comparison,  an  additional  ZnS-E  type,  corresponding  to  ZnS  C  type,  was  also 
prqjared  with  no  NH4CI  addition.  Tab.  1  presents  the  particle  size  characteristics  determined  from  the  distribution  curves 
of  ZnS-  A  type,  ZnS-  B  type,  ZnS-  C  type,  ZnS-D  type  and  E  ZnS-type.  One  observes  that,  the  most  uniform  particle  size 
distnbution,  i.e.  the  smallest  A  value,  and  the  lowest  median  diameter  is  obtained  for  ZnS  C-  type  prepared  with  a 
maturation  period  of  72  hrs.  Moreover,  the  variation  of  particle  size  with  the  maturation  period  do  not  take  place  as 
monotonously  as  we  expected.  This  illustrates  also  the  existence  of  two  otqxtsite  processes  of  a^omeration  and 
dissipation  during  the  pre-calcination  process.  One  can  also  note  that  the  ammonium  chloride  addition  is  in  the  fevour  of 
both  particle  growth  and  particle  size  uniformity  increase.  (ZnS  C  -type  and  ZnS  E-  type). 


Tab.  1 .  Particle  size  distribution  of  some  ZnS  -  types  used  as  starting  material  in  phosphor  synthesis 


Preparation  conditions 

Particle  size  distribution  fuml 

Maturation  period 

Pre-calcination 

dgo% 

dso% 

d20% 

A 

ZnS  -A  type 

24  hrs 

NH4C1/900‘'C 

7.10 

9.37 

11.86 

4.76 

ZnS  —B  type 

48  hrs 

NH4C1/900°C 

5.18 

9.53 

11.58 

6.40 

ZnS  -C  type 

72  hrs 

NHiCl/SfOOV 

6.06 

9.33 

10.71 

4.65 

ZnS  ~D  type 

96  hrs 

NH4C1/900°C 

7.71 

10.34 

13.04 

5.36 

ZnS  ~E  type 

72  hrs 

no  additive  /  900  ®C 

6.59 

9.19 

12.33 

5.74 

^^ere  A  —  d2o%  -  d8o% 


In  order  to  stu<fy  the  influence  of  synthesis  conditions  on  particle  size  distribution  and  luminescent  properties  of  zinc 
sulphicfe  phosphors,  four  different  sample  series  were  prepared: 

•  Series  A  -  ZnS:Cu,Cl  samples  Ti  ;  T2;  T3;  T4  were  prepared  in  the  following  synthesis  conditions:  ZnSA-type  as 
starting  sulphide;  NH4CI;  MgCl2;BaCl2;  NaCl  as  flux;  800  as  firing  temperature; 

•  Series  B  -  ZnS:Cu,Cl  samples  T5;  Te;  T?;  Tg  were  prepared  in  the  following  synthesis  conditions:  ZnS  A-type  as 
starting  sulphide;  NH4CI;  MgCl2;BaCl2;  NaCl  as  flux;  900  as  firing  temperature; 

•  Series  C  -  ZnS:Cu,Cl  samples  T9;  Tjo;  Tn;  Ti2  were  prepared  in  the  following  ^thesis  conditions:  ZnSB~type 
as  starting  sulphide;  NH4CI;  MgCl2;BaCl2;  NaCl  as  flux;  800  °C  as  firing  temperature; 

•  Series  D  -  ZnS:Cu,Cl  samples  T13;  T^;  T15;  Tie  were  prepared  in  the  following  synthesis  conditions:  ZnS  B-type 
as  starting  sulphide;  NH4CI;  MgCl2;BaCl2;  NaCl  as  flux;  900  *^C  as  firing  temperature; 

The  particle  size  distnbution  of  some  of  the  phosphor  samples  were  registered  The  particle  size  characteristics  are  given 
in  Tab.  2  and  compared  with  the  corresponding  data  of  the  starting  sulphide  namely  the  ZnS  A  -type. 


Tab.2.  Particle  size  distnbution  of  ZnS  A  -type  and  the  corresponding  ZnS:Cu,Cl  phosphors  samples 


Phosphor 

code 

Synthesis  conditions 

Particle  size  distribution  fuml  1 

Flux 

Temperature 

d20% 

dsoH 

dso% 

A 

R 

ZnS  A  -type 

- 

- 

7,10 

9.37 

11.86 

4.76 

0 

T, 

NH4CI 

800  ®C 

6.21 

8.63 

11.63 

5.42 

-7.9  % 

T, 

MgCl2 

800  °C 

9.94 

13.07 

16.54 

6.60 

+39.5  % 

T3 

BaClj 

800  °C 

6.56 

9.19 

11.86 

5.30 

-1.9  % 

T4 

NaCl 

800  °C 

6.21 

8.66 

11.18 

4.97 

-7.6  % 

Tio 

MgCb 

900  “C 

9.56 

13.07 

17.19 

7.63 

+39.5  % 

where:  A  =  d2o%  -  dgoo/o  and  R  =  d5o%  (Ph)  -  d5o%  (ZnS)  xlOO 


dsQo/o  (ZnS) 
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One  observes  that,  depending  on  the  chloride  nature  used  as  flux,  the  diameter  of  phosphor  particles  is  different.  With  the 
exception  of  T2  and  Tio  phosphors  prepared  with  magnesium  chloride,  the  other  phosphor  powders  possess  smaller  particle 
sizes  than  the  starting  sulphide  itself.  All  chlorides  used  as  flux  in  this  study  produce  the  particle  size  diminution  with  1,9 
to  7,9  %  as  compared  with  the  starting  sulphide.  This  behaviour  illustrates  the  feet  that,  the  starting  sulphide  grains  are 
dissipating  during  the  phosphor  firing  process,  conducting  to  smaller  particles  than  the  initial  ones. 

As  for  magnfKiiini  chloride  as  flux,  a  considerable  particles  growth  could  be  put  in  evidence;  phosphor  grains  are  with 
39.5  %  larger  than  the  sulphide  ones. 

3.2.  Influence  of  synthesis  conditions  on  phosphor  luminescent  properties 

The  emission  spectra  of  phosphor  series  A,  B,  C  and  D  are  presented  in  Fig.  1,  in  comparison  with  tiie  spectrum  of  the 
standard  phosphor.  All  spectra  consist  of  two  large  bands  in  bleu  and  green  region  whose  intensity  differently  contrifeite 
to  the  luminescence.  The  blue-to-green  ratio  is  variable  for  different  phosphor  samples  and  the  green  emission 

colour  is  purer  for  lower  ratios. 

On  the  basis  of  pmKarm  spectra,  the  luminescence  characteristics  luminescence  characteristics  of  phosphor  samples  are 
pcrimafp/t  The  itiaiti  luminescence  characteristics  namely  the  relative  luminescence  intensity  and  the  position  of  the  main 
emission  peak  are  presented  in  Tab.3.  The  green  emission  band  of  A-D  phosphor  series  is  centred  in  the  range  of  515,0  to 
518.9  run.  As  for  the  relative  intensity,  most  of  the  phosphors  exhibit  less  intense  luminescence  as  compared  with  standard 
phosphor  Only  ZnS:Cu,Cl  phosphor  prepared  with  MgC^  as  flux  show  green  luminescence  stronger  than  the  standard 
one.  Moreover,  for  these  categories  of  samples,  i.e.  Tj,  T7,  T„  and  T.s,  the  difference  between  the  green  emission  band 
positions  and  intensities  is  hardly  noticeable.  More  than  that,  phosphor  prepared  with  BaClj  as  flux  seems  to  be  most 
sensitive  to  thermal  synthesis  conditions.  In  this  particular  case,  the  peak  position  vary  between  515,3  and  518,6  run 
whereas  the  luminescence  intensity  oscillate  between  77.1  and  81.4  %. 


Fig.  1  Pmissinn  spectra  of  ZnS;Cu,Cl  samples  prepared  in  various  synthesis  conditions 
Excitation:  365  nm ;  Optical  filter:  UGl 
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Tab.3.  Relative  intensity  and  peak  position  of  the  main  emission  band  of  ZnS:Cu,Cl  samples  prepared  from  different 
ZnS-type,  with  various  mineralising  agents  and  fired  at  different  temperatures. 


Firing  temperature  800  "C 

Firing  temperature  900 

ZnS^A  type 

ZnS^B  type 

ZnS  ~A  type 

ZnS~B  type 

NH^-flux 

82.3  %;  515.0  nm 

80.7%;  517.5  nm 

83.0  %;  516.6  nm 

81.4  %;  516.2  nm 

MgCh  -  flux 

102.0  %;  518.8  nm 

91A%\  518.6  nm 

109.6  %;  518.9  nm 

104.3  %;  518.8  nm 

BaClz  -  flux 

80.6%;  515.8  nm 

76.9  %;  518.6  nm 

79.8%;  516.4  nm 

74.6  %;  515.3  run 

NaCl-Jlux 

81.4  %;  516.0  nm 

77.1  %;  517.0  nm 

77.6%;  516.0  nm 

79.08%;  516.2  nm 

On  the  basis  of  luminescence  spectra,  the  ratio  between  the  blue  and  green  emission  bands  was  also  calculated.  The  lowest 
I445/ 1520  values,  i.e.  0.229  and  0.214,  are  observed  for  Tb  and  Tu  phosphors  prepared  at  900  °C,  with  NH4CI  and  MgCb 
as  flux.  The  highest  values,  i.e.  0.279  and  0.285,  are  noted  for  Ti  and  T5  phosphors  prepared  at  800  °C,  with  NH4CI  as 
flux,  respectively.  ZnS-B  type  is  most  favourable  to  green  entission  centres  formation  whereas  ZnS-A  type  Militates  blue 
<%ntres  formation. 

Luminescence  spectra  of  ZnS-type  phosphors  consist  of  two  or  more  wide  emission  bands  with  various  intensities, 
halfwidths  and  peak  positions.  In  order  to  obtain  additional  information  about  the  luminescence  of  ZnS:Cu,Cl  phosphors 
differently  prepared,  the  luminescence  spectra  were  mathematically  decomposed  into  two  Gauss-type  curves.  Fig.  2 
presents  the  spectrum  of  T3  sanqrles,  i.e.  ZnS:Cu,Cl  prepared  at  800  °C  fiom  ZnSA-type  as  starting  sulphide,  with  BaCL 
as  flux.  One  can  see  that  with  2  curves,  an  acceptable  Gauss-fitting  could  be  ol^ned.  Gauss  parameters  of  T1-T16 
phosphor  spectra  are  presented  in  Tab.  4. 

The  peak  position,  half^dths  and  amplitude  values  for  spectra  of  phosphors  prepared  with  the  same  flux  show  that  there 
are  only  small  differences  between  samples  prepared  from  different  ZnS-types  and  fired  at  different  temperature.  The 
differences  observed  between  the  apparent  luminescence  emission  are  the  result  of  variable  contribution  of  these 
components.  This  mathematical  approach  confirms  that  the  same  emission  centres  are  implied  into  the  luminescence 
process,  the  only  difference  being  their  concentration  and  though  their  contribution  to  the  apparent  luminescence.  Their 
relative  ratio  of  the  two  Gauss  components  could  explain  the  slight  variation  of  the  peak  positions  (see  also  Tab.  3). 

Sensitivity  to  p  radiation  could  be  tested  by  using  ZnS:Cu,Ci  samples  in  the  manufacture  of  radioluminescent  (RL) 
sources.  In  this  purpose,  Ti  phosphor  was  used  in  closed  sources  (Betalights)  as  well  as  in  open  ones  (radioluminescent 
pains).  In  the  case,  the  phosphor  is  deposited  on  the  inside  wall  of  a  small  glass  tube  filled  with  tritium  gas.  In  the 
second,  the  phosphor  is  “dispersed”  into  a  tritiated  polymer.  For  Betalights,  a  bri^tness  of  1  pLa/cm^  could  be  achieved 
with  an  activity  of  44.4  MBq  (1.2  Ci);  the  tritium  p  radiation  is  conq)letely  utilised.  For  radioluminescent  paints,  a 
brightness  of  1  jxLa/cm^  could  be  obtained  with  55.5  MBq  (1.5  mCi);  dues  to  a  self  absorption  process,  the  tritium  p 
radiation  is  only  80  %  used.  The  sensitivity  to  p  radiation  could  be  increased  either  by  performing  particle  selection  or  by 
trying  to  synthesise  ZnS:Cu  phosphors  with  even  smaller  particle  sizes  but  with  adequate  luminescent  properties. 


G«Msl(tl&432.4344S;  17JS26) 
GtBtt  2  («7.13i:  516S26;  MM\6) 


Fig.  2  Gaussian  fitting  of  the  emission  spectra  of -T3  phosphor  (&«S'-/4o?’^,BaCl2  as  flux;  800 ®C) 


134 


Tab.4  Peak  positions,  halAvidths  and  amplitudes  of  the  two  Gauss  components  (G1  and  G2)  of  emission  spectra  of 

phosphors  prepared  in  different  conditions 


Finns  temperature  800  ®C 

Finns  temperature  900 ’’C 

ZnS-A  type 

ZnS-  B  type 

ZnS^  A  type 

ZnS~  B  type 

NH^a-Jltix 

G1 

517.2  nm;  34.9  nm 
681.5 

517.5  nm;  35.5  nm 
669.7 

518.5  nm;  34.7  nm 
687.7 

518.9  nm;  34.7  nm 
674.8 

G2 

434.8  nm;  17.6  nm 
123.5 

435.9  nm;  18.0  run 
126.1 

434.8  nm;  17.1  nm 
110.6 

434.5  nm;  16.8  nm 
95.6 

G1 

520.0  nm;  34.4  nm 
841.1 

520.0  nm;  34.4  nm 
804.3 

520.0  nm;  34.4  nm 
903.9 

520.3.  nm;  34.5  nm 
858.4 

437.9  nm;  17.6  nm 
141.5 

438.1  nm;  17.5  nm 
138.7 

438.6  nm;  17.2  nm 
142.0 

437.3  nm;  16.8  nm 
114.2 

BaCh  -flux 

G1 

516.8  nm;  34.6  nm 
667.1 

517.1  nm;  34.9  nm 
638.1 

517.8  nm;  34.7  nm 
661.2 

517.0  nm;  34.9  nm 
619.5 

G2 

434.0  nm;  17.4  nm 
115.4 

434.5  nm;  17.5  nm 
110.8 

434.3  nm;  17.5  nm 
112.9 

434.2  nm;  17.4  nm 
108.9 

Nad  -flux 

G1 

517.8  nm;  34.6  nm 
673.2 

517.8  nm;  34.8  nm 
640.0 

517.7  nm;  34.6  nm 
644.4 

517.4  nm;  34.9  nm 
656.8 

G2 

433.9  nm;  17.6  nm 
115.0 

434.4  nm;  17.4  nm 
107.1 

434.8  nm;  17.6  nm 
121.8 

434.4  nm;  17.4  nm 
120.0 

4.  CONCLUSIONS 


Zinc  sulphide  prepared  by  thiosulfate  m^od  could  be  converted  into  ZnS:Cu,a  phosphors  w-ith  small  particles  sizes 
and  sensitive  to  p  radiation.  A  high  degree  of  surface  grain  oxidisation  could  be  assured  by  using  sodium  acetate  and 
ammonium  chloride  during  the  precipitation  and  pre-calcination  stages,  respectively.  The  thermal  synthesis  could  be 
performed  at  800  "C.  In  spite  of  the  fact  that  magnesium  chloride  is  favourable  to  luminescence  centres  formation,  the 
recommended  flux  for  p  sensitive  phosfAors  is  NH,C1  that  produces  the  smallest  phosphor  particles  and  generates  an 
acceptable  luminescence. 

The  mathematical  approach  for  emission  spectra  shows  that  NaCI,  MgCU,  BaCb  and  NlLCl  contribute  to  the  formation  of 
different  concentration  of  the  same  type  of  emission  centres.  These  chlorides  influence  differently  the  particle  groryth 
during  the  thermal  synthesis  stage.  Magnesium  chloride  increases  the  phosphor  particle  seize,  being  the  most  effective 
mineralising  agent,  whereas  the  other  chlorides  produce  the  grains  diminution  by  dissipating  the  starting  zinc  sulphide 
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ABSTRACT 

In  Pb(Zri.x  Tix)03,  experiments  have  shown  that  conductivity  is  p-type  (Jaffe  &Co.,  1970).  The  excess  of  cation  over 
oxygen  vacancies  causes  a  superoxidation  of  many  simple  oxides,  including  Zr02  (Rudolph,  1959).  These  A  position 
vacancies  aUiact  electrons  to  complete  the  electron  sliells  of  surrounding  oxygens:  lliey  act  as  acceptors  causing  the 
presence  of  holes  in  the  lattice.  The  new^  revised  theoretical  model  presents  the  basic  steps  in  the  solid  plasma  linear  analysis 
of  any  acouslo-eleclric  problem. 

Keywords:  PZT-ceiamic,  macroscr^ic  model,  linear  equation,  dispersion  equation,  linear  mode 

1.  INTRODUCTION 

Tbe  piezoelectric  dfect  in  the  first  piezoelectric  ceramic  with  pcrovsldte  structure,  BaTiOs,  was  discovered  in  1947  by 
Roberts.  As  a  more  ihorou^i  understanding  of  tiie  solid  solutions  of  BaTiOs  -series  was  being  developed,  many  other  ABO3 
-type  ferroelectrics  and  antiferroelectrics  with  oxi^-octahedron  structure,  such  as  PbTiOs,  KnbOs,  KtaOa,  NaNbOs, 
NaTaOs,  PbZrOs,  PbHfOs,  LiM)03  and  LiTa03,  were  discovered  one  after  1he  other.  Amonglhem,  PbZrOs  (lead  ziTconate) 
and  R)Ti(^  (lead  titanate)  were  mq)ortant  ceramics  with  the  p^ovskite  structure.  In  1950,  ike  anom^ous  dielectric 
properties  of  PbZrOs  were  reported  and  its  antiferroelectricity  was  confirmed.  Hie  phase  diagram  of  the  solid  solution  of 
PbZrOa  and  PbTiOswas  pubtished  by  Sawaguchi  in  1953,  but  no  mention  of  tiie  piezoelectric  fHop^ties  of  this  solid 
solution. 

Lead  titanate  (PbTiOa)  is  a  ferroelectric  with  a  high  Curie  temperature  (490  °C)  at  which  the  phase  transition  from  the  cubic 
paraelectnc  phase  (^x)ve  the  Curie  temperature)  to  the  tetragonal  ferroelectric  phase  (below  Curie  temperature)  occurs. 

In  1954,  Jaflfe  et  al.  reported  the  discovery  of  the  piezoelectric  ceramic  R)(ZrxTii.x)03  (PZT).  hi  the  following  tei  years, 
PZT  became  the  main  industrial  product  in  piezoelectric  ceramic  materi^s. 

When  Ti^  ions  in  PbTiOs  are  parti^y  replaced  by  Zr^  with  a  molar  ratio  x,  a  solid  solution  of  xPbZr03  -  (l-x)PbTi03 
(0<x<100%)  binary  system  is  formed.  This  solid  solution  is  called  lead  zirconate  titanate  (PZT),  and  its  chemical  formula  is 
Pb(ZrxTi.x)03*  PZT  has  the  perovskite  structure  with  Ti"^  and  Zr^  ions  occupying  B-sites  at  random. 

2.  EXPLANATION  OF  CONDUCTION  PROCESSES  IN  PZT  CERAMICS 

The  importance  of  an  understanding  of  conductive  {Hocesses  cannot  be  overestim^ed.  Besides  the  famous  af^lication  to 
thermistors  and  barrier  layer  capacitors,  tire  ability  to  control  conductivity,  and  usually  to  keep  it  very  low,  is  hi^y 
important  to  the  piezoelectric  uses  of  ceramics.  (Dompo^tions  which  are  too  conductive  are  difficult  to  pole,  tend  to  overheat 
in  hi^  power  applications,  and  gener^y  have  undesir^ly  hi^  dielectric  loss  which  limits  efficiency. 

In  the  fi)llowing  discussion  the  usual  terminology  of  donor  (contributing  extra  electrons)  arui  occeptOT  (deficient  in 
electrons,  or  contributing  “holes”)  will  be  followed.  A  positive  ion  replacing  a  hi^er  valency  ion  sudi  as  for  Ba^^  acts 
as  an  acceptor  in  an  othmrise  urrehanged  lattice.  It  conhibutes  fewer  eledrons  than  tire  ion  it  r^laces,  thus  creating 
“holes”.  In  contrast,  a  positive  ion  replacing  anotlier  of  lower  valency  such  as  La"^^  for  Ba"*^  contributes  extra  electrons  to  the 
structure  and  is  thus  a  donor.  For  negative  ions  the  reverse  is  true:  a  negative  ion  replacing  another  of  hi^rer  valoicy  such  as 
for  needs  one  less  electron  and  tiius  acts  as  a  donor,  while  a  negative  ion  replacing  a  lower  valency  ion  becomes  an 
acceptor. 
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Piezoelectric  iead-zirconate-titanate  ceramic  have  perovsidte  structure  Arepresents  a  cation  with  a  larger  ion 

radius  and  B  a  cation  widi  a  smaller  ionic  radius.  In  perovskites,  because  of  &e  density  of  jMcking,^Ae  pi^nce  of 
iniprciHiat  ions  appeals  unlikely  (witluhe  possible  exception  of  avety  small  ions,  such  as  Be^"  and  B^  ).  it  is  known, 
however,  that  substandal  concentrations  of  vacancies  can  be  tolarated.  The  NaWOs-WOs  solid  solution  senes,  Ihe  famliar 
sodium-tungsten  brona,  ^ows  thM  vacancies  in  &e  A  posititm  can  be  lar^  in  number.  Nmnerous  studies  on  p«ovddtes  of 
formula  type  BaFeOs.*,  SrCoOs-x,  etc.,  have  demonstrated  that  in  some  circumstances  the  perovskites  lattice  will  tolmte  a 
concmitration  O  position  vacancies.  There  is  at  inesent  no  ooncaete  evidence  of  fee  existoice  erf  any  si^iMcant 

concentration  of  vacancies  in  fee  B  position  of  any  perovskhe.  Compositions  wife  stoichiometry  that  mi^n  yield  a 
perovskite  wife  B  posirion  vacanmes  crystallize  instead  as  a  mixture  of  perovriate  and  non-p^ovskite  phases.  Therefore,  all 
cation  vacancies  are  assume  to  occnir  in  fee  A  position. 

In  HK&i-x  Tix)03,  cjqiaiffleins  have  feown  feM  ccmductivi^  is  p-type  <Jaffe  &Co.,  1970).  This  is  jHcsmn^ly  due  to 
siqieroxidation,  that  is  excess  of  cation  over  oxygen  vacancies,  (many  simple  oxides,  including  ZrC^,  as  found  by  Rudolph, 
1959).  These  A-positiem  vacancies  fetract  ^ectrems  to  complete  fee  electrcm  feells  erf  the  suiromiding  oxygens;  feq?  act  as 
acceptors  causing  fee  presence  of  holes  (electrons  defects)  in  fee  lattice  according  to 

VA-»-VA"+2h  (1) 

Substitution  of  La"^  for  Pb"^  or  of  Nb^^  for  (Ti,  Zr)^  contributes  electrons,  and  feus  reduces  fee  hole  conductivity  according 
to  fee  Tnagg  action  law  which  requires  feat  ^  iHoduct  of  electron  and  hole  concentrafem  remain  constant,  just  as  fee 
product  of  HT  and  (OH)"  ions  in  an  aqueous  solution  is  constant.  The  conductivity  is  reduced  typically  by  about  three-ordm 
of  mapiitude  for  amounts  of  feout  1  atom  %.  It  may  be  seen  in  Jaffo  &Co.,  1970,  feat  increases  in  fee  amount  <rf  additive 
over  1  atom  %  do  not  further  affect  fee  resistivity  significantly.  The  lower  limits  for  complete  compensation  has  not  been 
mvestigated. 

One  might  expect  feat  an  increase  in  concentration  of  hi^er  valent  substituents  should  cause  an  excess  of  electrons  over 
hdes  and  haice  sifestantial  n-^pe  amductivity.  This  is  indeed  the  case  with  barium  titanate  but  not  wife  lead  titanMe 
zirconate.  Here  fee  conductivity  reaches  a  low  “intrinsic”  value  wife  donor  doping  levels  of  a  few  tenths  of  1%  and  does  riot 
feow  forfeer  inaease  or  decrease  wife  higher  deping.  The  reason  for  feis  is  believed  to  be  fee  fonnation  of  1%-site 
vacancies  as  in  fee  reaction  (here  wife  La  doping); 

0.01  L2P3  +  Pb(Ti,  ZsyOs  (Pbo.97  Lo  cc  Do.oi)  (Ti,  Zr)03  +  O.OBPbOT  (2) 

taking  place  during  fee  ■firing  process.  The  hi^  volatiiity  of  lead  oxide  is  an  essential  factor.  The  additional  A-poshion 
vacancies  caused  by  feis  reaction  eiqilain  fee  effect  of  feese  additives  on  domain  switching  phamm^  and  in  particular  on 
fee  eaty  relaxation  of  inter-domain  stresses  in  polarized  ceramics. 

2.1.  Linear  model  prindples 

The  model  assumptions  are; 

1.  The  fiee  carriers  in  PZT  -  holes,  can  be  treated  in  the  same  way  as  fee  fi-ee  positive  ions  in  vacuura  T^  effect  of  fee 
environment  has  been  taken  into  acount  by  introducing  new  masses  for  fee  holes  -  effective  mass  approximation. 

2.  hi  the  fwocesses  in  which  we  shall  be  intCTested,  miergy  and  momentum  changes  pCT  particle  will  usudly  be  small,  so  that 
we  shall  not  consider  band-to-band  transitions. 

3.  Int^actions  of  holes  wife  l^tice  vibratkHis  are  tak«i  into  account  by  introducing  constant  collisicm  fiequenc^,  Vh=l/% 

4.  We  neglect  at  first,  fee  effect  of  distribution  in  velocity  (or  momentum)  space  and  assume  constant  drift  velocities  for 
holes  \^=Voh.  Howeva:,  in  some  cases  we  take  fee  first-orda:  effects  of  the  dirfribution  into  account  by  introduang  a 
difibsionlerm  in  fee  equation  of  motion  forfee  carriers. 

5.  fo  OTda’  to  take  into  account  the  dianges  in  the  numbers  of  carriers  due  to  recombination  ct  ^laation,  we  introduce 
source  or  terms  (into  fee  equation  of  continuity)  proportionai  to  fee  generation  or  recombination  fiequencies  v^r 
(Vi-kmization,  Va-attadiemeirt,  in  genaal  Vg-Vr=vrVa-Vr «  0). 

6.  Weftnfea  assume  tirat  fee  wavelength  of  any  disturbance  is  nmeh  longafeanfee  Debye  length  Xd  so  feat  we  may  treat 
fee  hole  stream  hydrodynamically. 

And  fee  andysis  basic  steps  are; 
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a)  If  there  are  mobile  holes  in  the  PZT  ceramics,  they  will  produce  a  current  whai  subjected  to  electric  fields:  ji  =  ay  Ej , 
where  ay  is  the  conductivity  tensor,  which  has  to  be  calculated  in  terms  of  cop,  v,  oo,  ©«,  k,  ....Note  that  ay  is  not  an  e3q>licit 
fimction  of  the  sound  parameters. 

b)  The  acoustic  portion  of  the  problem  is  completely  described  by  the  displacement  u,  which  is  a  fimction  of  p,  //C//,  (o,  k, 
Hd!  and  E  (p  -  density  of  the  medium,  IICII  -  fourth-rank  elastic  tensor,  Hd!  -  piezoelectric  tensor).  It  is  the  dependence  on  E 
that  is  important  here  since  it  fiumshes  the  coupling  back  to  the  hole  motion  through  ji  =  ay  Ej.  The  linear  equations  used  to 
calculate  u  are; 

p(^u/5p)  =  cTy/5xj,  TH  =  CyaSa-e™HE„,,  D„  =  8^E„  +  e„y  Sy , 

where  Ty  -  the  components  of  the  second-rank  stress  tensor,  Sy  -  the  components  of  the  second-rank  strain  tensor,  D  -  the 
electric  displacement  of  anisotropic  media. 

c)  The  coupling  between  the  hole  motion  and  the  sound  is  calculated  with  the  help  of  Maxwell’s  equations.  This  leads  to  a 
triplet  of  equations  relating  the  components  of  the  self-consistent  field, 

2j=i-3  =ay  Ej  =  0,  where  ay  contains  both  hole  and  sound  parameters. 

d)  The  determinant  of  the  three  equations  yields  the  dispersion  relation;  D(<»,  k)  =  Det  (ay)  =  0. 

e)  The  solutions  of  D(©,  k)  =  0,  give  the  allowed  modes  of  the  composite  system  and  also  show  if  any  in<!tahilitii»g  can  exist 

3.  INTERACTION  OF  ELECTROKINETIC  MODES  WITH  SOUND  WAVES 

TTie  spectrum  of  fi^uencies  and  wavelengths  of  mechamcal  vibrations  that  may  be  permitted  in  a  given  solid  depends  on 
the  detailed  nature  of  the  lattice  and  binding  orces.  The  coherent  vibrations  of  the  lattice  are  called  sound  waves  (coherent 
phonons). 

If  the  solid  either  is  piezoelectric  or  has  a  fimte  deformation  potential,  some  of  the  mechanical  energy  of  the  vibration  is 
converted  to  electrical  energy;  the  sound  wave  is  then  accompanied  by  an  electromagnetic  wave.  Hence  we  may  expect 
strong  coiqiling  between  the  sound  waves  and  the  electrokinetic  waves  in  piezo-ceramics. 

3.1.  Quasi  particles  and  collective  modes  in  PZT-ceramic  solid  solution 

It  is  possible  to  view  much  of  the  solid  state  physics  in  toms  of  certain  elementary  excitations  that  interact  only  weakly  with 
one  another.  This  view  has  proved  to  be  very  useful  both  experimentally  and  theoretically.  Its  starting  point  is  fi'om  the  state 
of  the  crystalline  solid  at  very  low  temperature  as  the  ground  state;  that  is,  even  though  the  crystalline  solid  consists  of 
strongly  interacting  particles,  its  behavior  at  fimte  tempiatures  ant  its  response  to  small  external  disturbances  (electrical, 
mechamcal,  etc)  m^  be  described  in  terms  of  weakly  interacting  quasi  particles,  which  are  the  lower  excited  states  of  the 
many  body  system  relative  to  the  ground  state.  Consider  for  instance,  the  case  of  th  PZT-ceramic  solid  solution,  in  which 
most  of  the  physic^  characteristics  are  determined  by  the  low  excited  states.  We  speak  of  these  states  as  having  a  few 
mobile  charge  carriers  (electrons  and  holes,  p»n)  determimng  the  electrical  characteristics,  or  as  having  a  small  number  of 
lattice  waves  -phonons,  determining  the  elastic  and  thermal  characteristics,  or  as  having  a  small  number  of  spin  waves  - 
magnons,  determining  the  magnetic  characteristics  of  the  solid. 

The  quasi-particles  in  solids  with  which  we  shall  be  mainly  concerned  in  this  paper  are  then  holes,  electrons  and  plasmons. 

3.1.1.  Quasi-particle  energy,  lifetime  and  distribution 

We  describe  the  conditions  that  penmt  us  to  consider  a  solid  as  a  collection  of  essentially  independent  elementary 
exdtatimis. 

For  an  excitation  of  a  many-body  system  to  be  classified  as  a  quasi-particle,  it  must  have  a  reasonably  well-defined  energy. 

The  energy  of  a  given  excitation  of  momentum  p  is,  in  general,  complex  and  represented  as  Ep=Epr-iEpi ,  where  Ep; ,  the 
imaginarty  part  of  the  energy,  is  inversely  proportional  to  the  lifetime  of  the  excitation.  If  the  Ep, »  Epi ,  the  excitation  is 
long-lived  and  distinguishable. 

In  thermal  equilibrium,  foe  long-hved  excitation  may  be  characterized  by  a  distribution  function, 

fpCD=l/(ePV^±l)  (3) 
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where  p  ==  1/KbT  and  (x  ia  a  normalizing  fector  (^  =  E  f  for  fennions)which  depend  on  the  number  of  carriers  and  &e 
temperature.  The  plus  sign  applies  if  the  excitation  obeys  Fermi-Dirac  statistics,  the  minus  sign  for  Bose-Einstein  statistics. 
Electrons  and  holes  obey  Fermi-Dirac  statistics,  whereas  plasmons,  hehcons,  phonons  and  magnons  obey  Bose-Einstein 
statistics. 

3.1.2.  Electrons 

The  free  electrons  in  solids  are  usually  quasi  electrons.  They  are  either  excited  from  the  Fermi  sea  of  electrons  as  in  metals 
or  from  the  valence  band  or  impurity  states  as  in  the  semiconductors. 

The  quasi  electron  is  characterized  by  an  effective  mass  m*,  which  may  be  considerably  different  from  the  free  electron 
masso.  The  introduction  of  the  effective  mass  concept  is  a  single  case  of  mass  renormalization,  and  it  is  one  method  of 
treating  the  many-hndy  problem,  that  is,  the  interaction  of  the  particle  with  all  the  other  particles  (the  background).  The 
effective  mass  is  related  to  the  curvature  of  the  energy  surface  in  the  momentum  space  and  is,  in  genral,  a  tensor  quantity; 

l/mij  =  (l/4ii^h^)(^E/5ki5kj)  (4) 

Depending  on  the  nature  of  the  structure  of  the  conduction  band,  it  is  possible  to  excite  quasi  electrons  of  different  effective 
masses. 

3.L3.  Holes 

Holes  are  characterized  as  the  absence  of  a  quasi  electron  in  an  energy  state  normally  occupied  by  a  quasi  electroir  If  a 
quasi  electron  is  created  by  being  raised  out  of  Fermi  sea  or  out  of  the  valence  band  into  the  conduction  band,  a  hole  is  left 
hpinH  The  holes  are  again  characterized  by  an  effective  mass  or  an  effective  mass  tensor,  and  depending  on  the  structure  of 
the  valence  band,  it  is  possible  to  excite  holes  of  different  effective  masses,  such  as  the  heavy  holes  in  PZT -ceramics. 

3.1.4.  Plasmons 

Apossible  elementary  excitation  of  a  many-electron  system  (such  as  conduction  electrons  in  metals  and  semiconductors  or 
holes  in  PZT-ceramics  and  semiconductors)  due  to  Coulomb  interaction  is  a  collective  oscillation  of  the  electron  or  hole 
particle  density,  the  plasma  oscillatioa  In  the  limit  of  long  wavelengths,  the  frequency  of  the  oscillation  is  given  by  the 
plasma  fitequency,  for  electrons  and  holes  respective: 

cOp.  =  (ne^  /m*  s)*'^,  oOjh.  =  (pe^  /  lUh  s)  (5) 

where  n  (negative)  is  the  electron  density  and  p  (positive)  is  the  hole  density. 

The  quantum  of  plasma  oscillation  is  the  plasmoa  Plasmons  are  bosons.  The  plasinon  energy  is  givOT  by  h®p/27c, 
consequently  plasmon  energies  range  from  about  5  to  30  eV  for  electron  system  of  metalhc  densities  and  10  eV  to  several 
electron  volts  for  electron  systems  realizable  in  semicinductors. 

4.  MACROSCOPIC  MODEL  OF  PIEZOELECTRIC  MEDIA 

An  elastic  solid  subjected  to  a  stress  produces  displacements  of  the  lattice.  The  vector  u  is  taken  as  the  displacement  of  a 
particular  lattice  point  From  Newton’s  equations  u  is  related  to  the  stress  tensor  Iflll  by  relations: 


p(5^u/5l^)  =  5Tij/5xi  (6) 

where  p  is  the  density  of  the  medium  and  Tj  are  the  components  of  the  second-rank  stress  tensor.  In  the  absence  of 
piezoelectricity  //T//  is  related  to  the  second-rank  strain  tensor  IISII  through  the  fourth-rank  elastic  tensor  IICJI,  or 

Th  =  Cijkl  Sij 
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Equation  (4)  is  the  generalized  Hooke’s  law  relating  stress  and  strainL  Of  the  nine  components  Th  or  Sij  only  six  are 
independent,  so  that  in  the  most  anisotropic  crystal  there  are  thirty-six  independent  coefficients  Cp  of  the  elastic  tensor.  For 
isotropic  substances  most  of  these  coefficients  are  zero  or  related  to  one  another.  In  fact,  for  an  isotropic  solid  with  no 
crystalline  structure  there  are  only  two  independent  constants;  all  other  elastic  coefficients  such  as  Young’s  modulus  and  the 
compressibility  or  the  velocity  of  sound  can  be  expressed  in  terms  of  those  two  constants.  We  shall  deal  later  with  particular 
crystal  lattices  in  the  discussion  of  piezoelectricity. 

There  is  a  variety  of  shorthand  methods  for  reducing  the  number  of  indices  in  the  tensors  //T//,  //S//  and  //C//. 

The  linear  strains,  corresponding  to  the  diagonal  elements  of //S//,  are  defined  as: 

Su=5ui/5xi  (8) 


The  shearing  strains  (off-diagonal  elements)  are: 

Sij  =  1/2  (9ui/5xj  +  5uj/9xi)  (9) 

With  this  convention  //S//  is  a  symmetric  tensor.  It  can  be  shown  that  //T//  is  also  a  symmetric  tensor. 

If  the  unit  cell  of  a  crystal  contains  at  least  two  different  atoms,  that  crystal  can  exhibit  piezoelecity.  In  such  material,  stress 
can  produce  electricity,  or,  vice  versa,  applying  a  voltage  can  produce  stress.  The  relations  between  the  elastic  and  electrical 
vari^les  requires  the  introduction  of  the  piezoelectric  tensor  //e//  which  is  a  third-rank  tensor.  There  are  many  ways  of 
expressing  the  coimection  between  //T//,  //S//,  D  and  E.  We  choose  the  designation  usually  employed  in  the  literature  of 
acoustoelectric  effects. 

The  pertinent  linear  relations  are: 


Tld  Cijid  Sij  -  Cmld  Ejn 
Hn  ~  Smn  Em  ^nij  Sij 


(10) 

(11) 


where  is  the  lattice  dielectric  tensor.  If  there  is  no  piezoelectricity,  that  is,  //e//=0,  eq.  (10)  gives  us  the  usual  Hooke’s 
law  relating  stress  and  strain,  while  eq.  (11)  gives  the  well-known  relation  between  the  electric  displacement  D  of 
anisotropic  media  in  terms  of  the  electric  field  E. 


The  new  revised  theoretical  model  presents  the  basic  steps  in  the  solid  plasma  analysis  of  any  acousto-electric  problem. 

Plasma  and  cyclotron  frequencies:  the  large  range  of  densities  and  low  masses  have  important  consequences  in  the 
frequency  of  oscillation  of  the  carriers  when  sujected  to  electromagnetic  fields,  the  plasma  frequency  cOp  and  the  cyclotron 
firequency  <Dc  are  the  most  important  of  the  oscillations.  For  typical  semiconductors,  cOp  »  10^^  s"^  (in  the  millimeter  wave 
region),  while  for  metals,  ©p  »  (in  the  visible  region  of  spectrum).  Cyclotron  fi-equencies  in  magnetic  field  of  1000  G 

range  fiom  lO'^  s”^  for  metals  to  10^^  s‘^  for  semiconductors  whose  carriers  have  small  me  values. 

Hie  model  framework  consists  of  followings  assumptions: 

1.  The  free  carriers  in  PZT  -  holes,  can  be  treated  in  the  same  way  as  the  6*66  positive  ions  in  vacuum.  The  effect  of  the 
environment  has  been  taken  into  acount  by  introducing  new  masses  for  the  holes  -  effective  mass  approximation. 

Because  of  periodic  potential  of  the  crystal  lattice  the  effective  mass  of  the  mobile  carriers  is  generally  lower  than  the  fiee 
electron  mass  (mo).  For  electrons,  the  values  of  me/mo  (the  effective  mass  lUc,  is  often  designated  as  m*  in  the  literature) 
range  flrom  10'^  in  such  solids  as  Bi  and  InSb  to  1  in  most  metals  (for  example,  Cu,  Na).  The  holes  also  have  effective 
masses  that  cover  such  a  range.  However,  in  a  given  solid,  electrons  generally  have  lower  effective  masses  than  holes. 

2.  In  the  processes  in  which  we  shall  be  interested,  energy  and  momentum  changes  per  particle  will  usually  be  small^  so  that 
we  shall  not  consider  band-to-band  transitions. 


3.  Interactions  of  holes  with  lattice  vibrations  are  taken  into  account  by  introducing  constant  collision  fiiequencies,  Vh=l/Xh. 
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One  of  the  most  important  dififerences  between  gaseous  and  solid  state  plasmas  is  the  scattering  frequency  v.  For  gases,  v  is 
often  neglected  compared  to  other  fiequencies  since  it  can  be  very  low  for  the  usual  plasma.  In  solids  because  of  the  ever¬ 
present  thermal  vibrations  of  the  lattice,  scatering  is  a  very  important  part  of  any  problem. 

A  side  fi^om  phonon  scattering  of  the  carriers,  there  are  scattering  effects  from  ionizied  impurities  (Rutheford  scattering)  and 
neutral  impurities.  For  dense  semiconductor  electron-hole  plasma  (n  >  10^  m'^)  we  also  have  to  take  ito  account  electron- 
hole  sfattfiring  (a  special  case  of  Rutherford  scattering). 

For  solids,  the  value  of  v  ranges  from  about  10’°  to  lO’^  s  ’  as  the  temperature  increases  fiom  liquid  helium  (4.2  K)  to  room 
temperature  (300  K).  In  most  of  the  problem  that  we  shall  consider,  v  will  be  a  significant  parameter.  The  ratio  oDc  /  v  will 
often  enter  die  analyses  of  the  wave  interactions  to  be  discussed  later.  This  ratio  is  about  1  :  10  for  the  usual  laboratory 
magnetic  fields  at  liquid  nitrogen  temperatures  (77  K). 

Lattice  dielectric  constant,  since  the  crystal  lattice  that  contains  the  soUd  state  plasma  is  itself  polarizable,  it  contributes  to 
the  dielectric  constant  e  of  the  entire  system.  In  most  semiconductors  the  relative  dielectric  constant  of  the  lattice  el  =  e  /  s© 
is  between  10  and  20.  For  semimetals,  like  bismuth,  it  can  have  values  up  to  100. 

4.  We  neglect  at  first,  the  effect  of  distribution  in  velocity  (or  momentum)  space  and  assume  constant  drift  velocities  for 
holes  Vh=Voh.  However,  in  some  cases  we  take  the  first-order  effects  of  the  distribution  into  account  by  introducing  a 
diffusion  term  in  the  equation  of  motion  for  the  carriers. 

Diffusion  effects'.  With  both  finite  temperature  and  scattering  in  the  solid,  there  are  diffusion  effects  whenever  the  carrier  are 
bunched.  Since  most  of  the  interesting  interactions  involve  such  bunching,  difftision  can  play  a  critical  role.  Diffusion  is 
characterised  by  the  constant  D,  defined  as: 

Z)  =  kBT/mv  =  veV2v  (12) 

where  ve  is  the  average  thermal  velocity  of  the  carriers  for  the  particular  distribution  function  involved.  For  most  solids, 
under  the  conditions  of  interest,  V0«  10*  m/s  and  v  =  lO’^  s’’,  so  that  D  »  10  ’  mVs. 

5.  In  order  to  take  into  account  the  changes  in  the  numbers  of  carriers  due  to  recombination  or  generation,  we  introduce 
source  or  gink  terms  (into  the  equation  of  continuity)  proportional  to  the  generation  or  recombination  frequencies  Vg^  (vr 
ionization,  Va-attachement,  in  general  Vg-Vr=Vi-Va-VjSsO). 

6.  We  further  assume  that  the  wavelength  of  any  disturbance  is  much  longer  than  the  Debye  length  Xd  so  that  we  may  treat 
the  hole  stream  hydrodynamically. 

When  the  plasma  have  has  a  finite  temperature,  another  important  parameter  is  A,d  ,  the  IM)ye  lengfti.  It  is  defined  by  the 
relation: 

Xd  =  2Trve/fflp,  (13) 

where  Ve  is  the  average  thermal  velocity  of  the  carriers  for  the  particular  distribution  function  involved.  For  metals,  Xd  «  10  ® 
m,  while  for  semiconductors,  it  is  Xd  «  10"*  m.  These  values  dictate  the  minimum  linear  dimensions  that  the  solid  can  have 
in  order  that  the  plasma  exhibit  collectives  effects. 

The  analysis  basic  steps  are: 

a)  If  there  are  mobile  holes  in  the  PZT  ceramics,  they  will  produce  a  current  when  subjected  to  electnc  fields:  ji  =  a,  Ej , 
where  CTij  is  the  conductivity  tensor,  which  has  to  be  calculated  in  terms  of  ©p,  v,  ©,  ©c,  k,  ....Note  that  Og  is  not  an  e^qrlicit 
function  of  the  sound  parameters. 

In  the  proceeding  of  the  holes  motion  we  will  take  into  account  scattering  and  diffusion  and  we  will  use  the  hydrodynatmc 
equations  -  in  the  quasistatic  limit:  equation  of  continuity,  equation  of  motion  for  rpresentative  particle  of  holes  and  higher 
orders  of  distribution  function  momentum. 

b)  The  acoustic  portion  of  the  problem  is  completely  described  by  the  displacement  u,  which  is  a  function  of  p,  //C//,  ©,  k. 
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//e//  and  E  (p  -  density  of  the  medium,  //C//  -  fourth-rank  elastic  tensor,  Hd!  -  piezoelectric  tensor).  It  is  the  dependence  on  E 
that  is  inqwrtant  here  since  it  furnishes  the  coupling  back  to  the  hole  motion  through  =  ajj  E,. 

The  linear  equations  used  to  calculate  u  are  the  (6),  (10)  and  (1 1),  in  which  we  establish  the  type  of  lattice  wave  (phonon), 
longitudinal  or  transversal,  and  also  we  must  know  the  complete  set  of  elastic,  piezoelectric  and  dielectric  coefficients. 

From  the  particularized  (6)  and  (10)  equations,  longitudinal,  shear  or  another  modes,  we  find  the  particularized  equation  of 
lattice  motion. 

For  the  wave,  we  assume  all  variables  to  be  of  the  form  ejqiifrat  -  kz).  When  piezoelectric  tensor  Hd!  ^  0,  the  sound  is 
coupled  to  the  electron  motion  through  the  electric  field. 

c)  The  coupling  between  the  hole  motion  and  the  sound  is  calculated  with  the  help  of  Maxwell’s  equations,  of  particularized 
(8)  and  (9),  (12)  and  lattice  motion  equations.  These  lead  to  a  triplet  of  equations  relating  the  components  of  the  self- 
consistent  field. 


Ej=,.3=a^Ej  =  0  (17) 

where  ay  contains  both  hole  and  sound  parameters. 

d)  The  determinant  of  the  three  equations  yields  the  dispersion  relation; 


D((o,k)  =  Det(ay)  =  0  (18) 

e)  The  solutions  of  D((b,  k)  =  0,  give  the  allowed  modes  of  the  composite  system  and  also  show  if  any  instabilities  can  exist. 
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ABSTRACT 

We  have  investi^ted  the  magnetoresistance  and  structure  of  binary  metallic  systems  formed  by  Cu  and  Co.  The  samples 
were  prepared  by  electrochemical  deposition  fiem  a  single  electrolyte  acid  solution  on  cc^per  coated  glass  substrate.  The 
structure  of  the  alloy  films  before  and  after  anealing  has  been  determined  by  X-Ray  difiaction.  Two  cubic  phases  have  been 
revealed  in  both  cases;  the  Cu-reech  (tc.c.)  and  another  probabli  Co-reeach  cubic  phase  which  could  not  be  precise 
iHpnHfiratp/l  Field  dependence  of  the  magnetoresistance  were  measured  for  diferrent  field  orientations.  Isotropic  rieptive 
magnpfnrpsistanrfi  effect  of  2  %  at  room  temperature  for  Cu-Co  structures  before  anealing  and  of  0,9  %  after  anealing  was 
found.  The  temperature  dependence  of  resistivity  was  measured. 

Keywords:  Electrochemical  deposition,  nanometric  granular  structures,  giant  magnetoresistance 

1.  INTRODUCTION 

The  mggnptin  granular  structures  with  the  nanometric  size  of  ferromagnetic  granules  imbeded  in  norunagnrtic  metal 
matrices  are  of  a  considerable  interest  due  to  their  electrical  and  magnetic  properties.  As  the  short-period  metal/metal 
superlattices  tlii<«^  granular  structures  manifest  some  new  phenomena  that  differ  significantly  from  those  of  bulk  materials. 

One  of  these  phpnnmena  is  the  GMR  (giant  magnetoresistance)  whose  continue  to  be  the  subject  of  a  large  scientific 
effort  both  at  a  fimrtampntal  level  and  at  the  level  of  its  technological  applications  to  magnetic  recording  technology.  The 
most  of  the  samples  which  exhibit  high  negative  MR  values  have  been  prepared  by  sputtering,  molecular  beam  epitary 
(MBE),  or  other  vacuum  based  techniques  Some  authors  have  been  reported  giant  magnetoresistance  in  magnetic 
nrultilayers  grown  by  electrodeposition  in  a  single  electrolyte.  In  the  present  work  we  obtain  the  magnetic  inhomogenuos 
alloy  films  by  electrodeposition.  All  the  deposition  were  made  in  the  potentiostate  controled  three  electrod  electroch^c^ 
cell.  Electrodeposition  has  some  obvious  advantages  over  trivial  techniques,  since  the  e^qrerimental  apparatus  required  is 
considerably  simpler  (and  cheaper)  then  those  for  techniques  which  require  high  or  ultrahrgh  vacuum.  The  deposited 
sructures  has  been  compozition  and  thickness  measured  by  X-ray  fluorescente,  their  structure  was  determin^  by  X-ray 
difiaction  and  magnetoresistance  measurements  in  the  Van  der  Pauw  geometry  were  performed  in  all  three  directions  of 
external  magnpifin  field  orientations;  longitudinal,  transversal  (in  film  plane)  and  perpendicular  to  film  plane  field.  The 
negative  magnetoresistance  for  all  field  orientations  was  found.  The  dependence  of  resistivity  from  temperature  was 
measured.  The  incrp^iRing  of  magnetoresistance  with  temperature  decreasing  was  found.  This  work  is  our  first  step  made  to 
realize  magnpfir  granulr  alloys  by  electroplayting  and  to  study  structure  of  thise  materials. 

2.  EXPERIMENTAL 

The  OCu  inhomogenuous  alloy  samples  were  grovm  from  a  single  electrolytic  solution.  Electrodepoation  of  a  metal 
takes  place  by  reduction  of  its  ions  at  the  cathode  of  an  electrochermcal  cell.  Since  different  metals  have  different  reduction 
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potentials,  it  is  necessary  for  the  alloy  deposited  from  an  electrolyte  containing  more  then  one  ion  species  to  apply  the 
cathode  potential  of  reduction  of  the  less  noble  metal  in  solution  (Co  in  our  case)  then  Co  and  Cu  will  be  deposited  with 
rates  governed  by  the  kinetics  of  the  deposition  process  and  concentrations  rates  in  solution. 

All  the  depositions  were  carried  with  potentiostatic  control  in  standard  3  -  electrodes  geometry.  A  potentiostat  (Taquselle 
model  PR-20X)  maintains  the  potential  of  the  film  substrate  (the  cathode)  at  the  desired  value  relative  to  the  standard 
calomel  saturated  reference  electrode  (SCE)  by  varying  the  potential  between  the  film  substrate  and  a  platinum  auxiliary 
electrode. 

The  thickness  of  the  deposited  films  depends  direct  on  the  length  of  the  time  impulse  which  is  controlled  a  time 
adjust^le  relay  (TR).  Were  prepared  samples  of  1-10  \xm  thick.  The  electrolyte  for  Cu-Co  samples  has  been  agitated 
during  the  deposition  using  magnetic  agitators. 

Each  sample  was  grown  on  the  Cu  vacuum  evaporated  on  glass  substrates  with  the  thickness  of  the  Cu  layer  of  1  ^m.  The 
part  of  the  Cu  substrate  including  its  boundaries  and  elctric  contact  is  covered  with  an  electrical  insulator  lacquer. 

The  electrolyte  solution  for  alloy  deposition  contains  250  g/1  C0SO4  •  7H2O,  50  g/1  C0CI2  5H2O,  15g/l  CUSO4  5H2O,  and 
Boric  acid  B(HO)3  -  35  gA  and  has  a  pH  =  2.5. ..3.  All  chemicals  were  p.a.  grade  with  the  balance  of  the  solution  being 
distilled  water.  The  depositions  were  carried  at  temperature  of  solution  T  =  40‘'C.  We  deposited  our  films  using  cathode 
potential  of  -  1.320  V  versus  SCE. 


3.  RESULTS  AND  DISCUSSION 

The  structure  of  magnetoresistive  films  has  been  determined  by  X-ray  diffraction.  In  Fig.  1,  it  is  presented  o  part  of 
diffraction  pattern  for  one  of  obtained  samples. 

From  the  binary  alloys  diagram,  it  is  well  known  that  the  Cu  and  Co  are  almost  insoluble  one  in  another  and  they  do  not 
create  sohd  solutions  or  stable  alloys  with  a  stabile  crystalline  grate  because  in  normal  state  Cu  has  a  cubic  face  centered 
grate  and  Co  has  hexagonal  compact  grate.  Cien  et  al.  presented  the  obtaining  of  some  COxCuioo-x  alloys  by  magnetron 
spattering  method  with  substrate  cooled  at  liquid  nitrogen  temperature  where  Co  is  foimd  as  fc.c.  grate. 

The  diagram  presented  in  Fig.  1  shows  that  in  our  electrochemical  prepared  film  two  phases  have  been  revealed:  copper 
(fc.c.)  with  large  crystallite  size  and  cobalt  (fc.c.)  with  fine  ciys^lite  size.  It  is  important  that  in  studied  structures 
prepared  by  electrodeposition,  Co  appears  only  in  cubic  grate  and  the  attempts  to  find  hexagonal  Co  failed. 

In  Fig.2,  it  is  presented  the  Bragg  (220)  peaks  obtained  for  the  same  sample  with  a  doubled  exposition  time  and  the 
radiation  intensity  increased.  From  profile,  the  height  and  the  width  of  the  diffraction  peaks  were  found  that  the 
concentration  of  the  fc.c.  cobalt  phase  in  the  copper  matrix  is  64  %  and  the  mean  crystallite  size  of  cubical  cobalt  grains  is 
22.5  mn.  The  nanometric  size  of  the  cobalt  particles  ensures  the  appearance  of  the  negative  magnetoresistive  effects  and 
warrants  the  development  of  giant  magnetoresistance. 

In  Fig.3,  it  is  shown  a  diffraction  diagram  for  another  sample.  X-Ray  difraction  spectrum  of  as-prepared  and  anealed 
sumples  indicate  two  separate  cubic  phases  in  both  cases.  One  of  them  is  dominant  structure  Cu  -reech  (Co-loss  5  %)  fc.c. 
phase  with  the  lattice  constant  of  3.612  A  and  graine  size  in  direction  (220)  of  35.5  mn  for  nonanealing  sumples  and  38 
mn  for  anealing  sumples.  The  loss  increasing  of  the  grain  size  due  to  the  anealing  were  observed,  but  there  are  no  major 
modifications  of  the  structure  due  to  the  termic  treatment  were  produced.  Second  phase  is  minore  and  could  not  been 
identificated  but  probably  of  all  is  Co-  composite.  Its  intensity  increase  with  the  anealing  which  attest  the  Co-origin  of 
them.  In  this  case,  the  Co  concentration  is  lower  than  the  sensibility  threshold  of  X-ray  diffraction  method  (at  about  5  % 
and  from  this  reason  the  concentration  is  determined  by  XRF  X-ray  fluorescence.  The  fluorescence  measurements  show 
the  presence  of  Co  in  alloy  in  the  following  concentration  CU96C04  that  is  under  the  diffraction  detection  limit.  For  this 
sample  the  magnetoresistance  measurements  have  been  performed. 
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The  electrical  resistance  was  measured  in  Wan-der-Pauw  geometry,  using  4  contact  points 
Magnetoresistance  is  defined  with  expression: 

_  ^VDP  iff)  ~  Rypp  (ff  =  2r) 


situated  in  quarter. 


(1) 


Where  index  i  characterizes  geometry  in  which  magnetoresistance  is  measured  and  can  bet  -  transversal  wheri  the  current 
is  perpendicular  on  magnetic  field.  In  this  case,  the  current  flows  between  contacts  1  and  4  and  tension  is  measured 
between  contacts  2  and  3.  Thus,  the  transversal  resistance  Van-der-Pauw  is: 


or,  1  -  inngitiiHinal  -  when  the  electric  power  is  parallel  with  the  field.  In  this  case,  the  current  flows  between  contacts 
and  2  and  tension  is  measured  between  contacts  3  and  4.  So,  the  longitudinal  resistance  Van  der-Pauw  is: 


^VDP 


(3) 


1 


In  both  cases,  the  field  is  appUed  in  film  plane.  When  the  field  is  orientated  perpendicular  to  the  film  plane  the 
perpendicular  magnetoresistance  was  measured. 

In  Fig.  4  it  is  shown  MR  to  a  CU96C04  sumple  and  measured  at  room’s  temperature.  The  curve  a  shows  MR  longitudinal 
and  curve  b  presents  the  transversal  one.  It  is  easy  to  observe  that  both  are  negative  and  have  values  more  than  2  %  at  2  T 
field. 

In  Fig.  5  it  is  shown  MR  longitudinal,  measured  at  room’s  temperature  for  the  same  CU96C04  test,  after  a  thermal 
treatment  Airing  15  minutes  at  300  °C  temperature  in  nitrogen  atmosphere.  By  means  of  arrows  it  is  shown  the  change 
direction  (variation)  of  magnetic  field:  first,  the  field  increasing  up  to  2  T  value  (possible  maximum  of  the  used 
electromagnet)  and  then  the  lowering  tiU  300  G  value  (which  represents  the  remnant  magnetization  of  used  magnet  poles). 
One  can  observe  that  after  thermal  treatment,  the  MR  value  significantly  decreased  and  reaches  only  0.7  —  0.9  At  values. 

In  Fig.  6  it  is  presented  the  transversal  Van-der-Pauw  electrical  resistance  dependence  on  the  measured  temperature  for  the 
samp;  test,  thermal  treated,  as  in  precedent  figure.  The  cooling  fi-om  the  room’s  temperature  till  -  80  °C  has  been  made  in 
maximum  external  magnetic  field  presence  H  =  2  T  and  at  the  reaching  of  this  temperature,  the  magnetic  field  has  been 
uncoupled.  An  electrical  resistance  jump  of  4.7  %  in  relative  value,  is  observed.  Then,  at  wanning,  the  resistance  function 
of  temperature  in  magnptir  field  absence,  has  been  measured.  The  distance  between  the  two  curves  is  due  to 
magnetoresistance  and  it  is  obvious  that  the  last  one  is  negative  and  grows  at  the  same  time  with  temperature  lowering. 

This  increasing  of  MR  with  the  observed  temperature  coincide  in  this  case  with  the  obtained  results  by  other  authors  for  all 
kind  of  tests  that  demonstrate  GMR  (giant  magnetoresistance). 

The  thermal  treatment  influence  on  magnetoresistance  in  Co-Cu  alloys  obtained  by  electrolytic  deposition  is  similarly  with 
those  observed  for  Ag-Fe  alloys  obtained  by  spattering,®  that  means  that  the  thermal  treatment  conducts  to 
magnetoreistance  decreasing. 


4.  CONCLUSIONS 

The  electrochemical  deposition  method  was  used  to  prepare  binary  metalic  granular  sistems  fi^om  single  solution.  The 
structure  of  the  layers  were  investigated  by  X-ray  difiraction.  Two  separate  cubic  phases  was  found.  The  structure  of  the 
probe  not  changes  due  to  the  anealing  at  the  300  °C.  Magnetoresistance  measurements  for  different  field  orientation  show 
izotropic  negative  MR  about  2  %  at  room  temperature  for  nonanealing  samples  and  decries  MR  to  0.7-0.9  %  for  anealing 
samples  which  probably  is  due  to  increasing  of  Co  reeach  phase.  Increasing  of  negative  magnetoresistance  to  4.7  %  was 
observed  at  decreasing  temperature  measurements  (about  —80  °C). 
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Cq/Cu  annealed: 
15  min  /  30CPC 


cWil36A 

(111) 


Fig.  3  XRD  pettem  for  CU96C04  electrodeposited  sample 


magneticfield(T) 

magnetic  field  (T) 

Fig.  4  MR  of  C1196C04  sumple  measured  at  room’s  temperature, 
a)  longitudinal  MR  and  b)  transversal  MR 

Fig.  5  The  longitudinal  magnetoresistance  of  CU96C04 
electrodeposited  film  after,  15  min  anealing  at  300®C 
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®18-  ^  Transversal  Van-der-Pauw  electrical  resistance  of  the  Cu96Co4electrodeposited  film  as  function  of  temperature 
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ABSTRACT 

We  have  investigated  the  magnetotransport  properties  of  binary  metallic  systems  formed  by  Ni  -Bi  and  Cu  -Ni  multilayers. 
The  samples  were  prqrared  by  electrochemical  depositioa  Ni-Bi  i^stems  were  obtained  fixrm  two  separate  solutions  and 
Cu-Ni  systems  from  a  single  electrolyte.  The  films  have  been  characterized  using  spectro-ellipsometry.  Field  dependence  of 
the  Hall  resistivity  and  magnetoresistance  for  both  the  multilayer  deposited  structures  were  measured.  Amsotropic 
magnetoresistance  for  Cu-Ni  structures  was  found. 

Keywords:  Elecrodeposition,  thin  films,  multylayers,  magnetoresistance,  spectro-elipsometry.  Hall  resistivity 

1.  INTRODUCTION 

The  magnetic  granular  structures  with  the  nanometric  size  of  ferromagnetic  granules  imbeded  in  nonmagnrtic  metal 
matrices  are  of  a  corrsiderable  interest  due  to  their  electrical  and  magnetic  properties.  As  the  short-period  metal/metal 
superlattices  thisa  granular  structures  manifest  some  new  phenomena  that  differ  significantly  from  those  of  bulk  materials. 

One  of  these  phenomena  is  the  GMR  (giant  magnetoresistance)  whose  continue  to  be  the  subject  of  a  large  scientific 
effort  both  at  a  fimHamental  level  and  at  the  level  of  its  technological  applications  to  magnetic  recording  technology.  For 
GMR  to  be  observed  a  fair  control  over  the  deposition  parameters  is  needed,  since  rough  interfaces  between  subsequent 
layers  can  influence  the  effect.  That  is  why  most  of  the  samples  which  exhibit  large  coupling  strerigths  md  high  MR  values 
have  been  prepared  by  sputtering,  molecular  beam  epitaxy  (MBE),  or  other  vacuum  based  techmques.  Rerently,  Alj^r  et 
al.  and  Hua  et  al.®  have  reported  giant  magnetoresistance  in  Co-Ni/Cu  multilayers  grown  by  electrodeposition  in  a  single 
electrolyte.  Lenczovski  et  al.’  report  the  GMR  effect  in  Co/Cu  electrodeposited  multilayers  and  Attenborough  et  al.  report 
this  for  Ni-Fe-Cu/  Cu  multilayers.  Electrodeposition  has  some  obvious  advantages  over  trivial  techmques,  since  the 
experimental  apparatus  required  is  considerably  simpler  (and  cheaper)  then  those  for  techmques  which  require  hi^  or 
ultrahigh  vacuum. 


2.  EXPERIMENTAL 

The  multilayer  samples  were  grown  by  two  methods  of  electrodeposition.  Bi-Ni  structures  have  been  prepared  from  two 
separate  electrolytic  solutions,  the  first  used  for  Bi  deposition  and  the  second  for  Ni  deposition.  Cu-Ni  samples  were  grown 
from  a  single  bath. 

Electrodeposition  of  a  metal  takes  place  by  reduction  of  its  ions  at  the  cathode  of  an  electrochemical  cell.  Since  different 
metals  have  different  reduction  potentials,  it  is  possible  to  alter  the  composition  of  foe  alloy  deposited  from  an  electrolyte 
mntaining  more  then  one  ion  species  by  altering  foe  cathode  potential.  Hence,  it  is  possible  to  electrodeposit  a  two- 
component  metal/metal  siq)eriattice  simply  by  switching  between  two  cathode  potentials  and  using  coulometnc  control  . 

All  foe  depositions  were  carried  with  potentiostatic  control  in  standard  3  -electrodes  geometry  shown  in  Fig.l.  A 
potentiostat  (Taquselle  model  PR-20X)  maintains  foe  potential  of  foe  film  substrate  (foe  cathode)  at  foe  desired  value 
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relative  to  the  standard  calomel  saturated  reference  electrode  by  varying  the  potential  between  the  film  substrate  and  a 
platinum  auxiliary  electrode. 


Each  sample  was  grown  on  one  side  of  a  Cu 
polycrystalline  foil,  0,15  mm  thick,  that  was 
polished  first  mechanically  and  then 
electrochemically  using  H3PO4  d  =  1.4,  and  washed 
carefully  before  starting  deposition.  The  other  side 
of  the  Cu  substrate  including  its  boundaries  is 
covered  with  a  lacquer  which  plays  a  double  role  as 
an  electrical  insulator  and  an  etch-resistant  layer. 
The  electrolyte  solution  for  Bi  deposition  contains 
40  gfl  Bi203,  104  gfl  HCIO4, 0.03  %  glue,  0.08  %  p 

-  naftol  and  has  a  pH  =  1.5.  Ni  deposition 
electrolyte  solution  contains  Nickel  sulfete  NiSo4  • 
7H2O  -  150  g/1.  Boric  acid  B(HO)3  - 10  g/1  and  has 
a  pH  =  5.5.  For  Cu  -Ni  probe  the  composition  of 
electrolyte  was  31  g/1  Ni  as  metal  (Ni  -sulfate),  2 
gA  Cu  as  metal  (Copper-sulfate),  30  g/ 1  Boric  acid 
and  0.  lg/1  thiourea,  pH  =  3.  All  chemicals  were  p.a 
grade  with  the  balance  of  the  solution  being 
distilled  water.  All  the  depositions  were  carried  at 
room  temperature. 

We  deposited  our  films  using  cathode  potentials  of 

-  0.292  V  for  Bi,  -  1.320  V  for  Ni  in  a  single 
solution  and  -  0.48  V  for  Cu ,  -  1.365  V  for  Ni  fi-om 
the  double  solution,  measured  relative  to  a  saturated 
calomel  electrode  (SCE).  When  the  cathode 
potential  is  -  0.48  V  versus  SCE  we  expect  that 
only  Cu  (the  more  noble  of  metals  present  in  the 
electrolyte)  will  be  deposited,  while  when  the 
cathode  potential  is  -1.360  V  versus  SCE,  Ni  and 
Cu  will  be  deposited  with  rates  governed  by  the 
kinetics  of  the  deposition  process  and 
concentrations  rates  in  solution.  The  electrolyte  for 
Cu-Ni  samples  has  been  agitated  during  the 
deposition  using  magnetic  agitators. 

The  thickness  of  the  deposited  films  depends  direct  on  the  length  of  the  time  impulse  which  is  controlled  by  a  time 
adjustable  relay  (TR),  This  TR  permits  to  adjust  difierent  deposition  times  for  each  substance  deposition.  For  example  the 
Cu  time  deposition  is  more  than  ten  times  longer  than  the  Ni  time  deposition  for  equal  thick  layers. 

After  growth,  the  films  with  their  Cu-substrates  were  mounted  on  glass  using  cianoacrilate  glue,  and  Cu  substrates  were 
chemically  dissolved  first  using  an  azotic  acid  solution  and  finishing  with  an  ammoniac  solution,  because  otherwise  the 
hi^y  conducting  Cu  substrate  would  have  the  superlattice  short  circuited  during  transport  measurements. 

3.  RESULTS  AND  DISCUSSION 

In  order  to  calculate  the  real  thickness  of  each  layer  fi’om  the  measurement  of  the  passed  charge  during  electrodeposition,  it 
is  necessary  to  know  the  effective  current  efficiency.  This  was  defined  by  us  as  the  ratio  of  the  real  thickness  of  an 
electrodeposited  film  to  its  nominal  thickness  (the  thickness  calculated  assuming  bulk  densities  and  100  %  current 
efficiency).  The  weighting  of  the  thick  layers  prepared  firom  the  same  solution  and  in  the  same  conditions  shows  a  hi^ 
current  efficiency.  In  this  experiment ,  the  effective  current  efficiency  for  deposition  was  assumed  to  be  100  %  because 
we  do  not  expect  significant  hydrogen  release  at  the  Cu  deposition  potential.  On  the  other  hand,  to  compare  the  real 
thickness  of  deposited  Bi  and  Ni  layers  with  the  nominal  values  computed  from  the  Faraday  law,  spectro-elipsometry  was 
used.  Table  1  displays  the  results  of  this  comparation.  The  samples  for  spectroelipsometry  were  prepared  on  two  types  of 


Fig.  1  Schematic  diagram  of  dectrolitic  cell  for  multilayer 
samples  preparation,  SCE  -  saturated  calomel 
reference  electrode 


150 


substrates  using  the  same  electrolyte.  An  HO  (InSnOj)  layer  of  2000  A  dc  sputtered  on  glass  was  used  as  a  substrate  for 
electrodeposition  because  due  to  its  low  conductance  the  necessity  of  dissolving  the  substrate  vanishes  and  because  of  its 
perfect  optical  surface  fevorable  for  elipsometry.  The  second  type  of  substrate  used  is  a  Cu  vacuum  evaporated  9800  A  thick 
on  ^ass.  Results  presented  in  Table  1  show  a  90  %  current  efficiency  for  Ni  deposition  but  a  very  low  efficiency  of  about 
40  %  for  Bi  depositioa  This  is  due  to  the  growth  mechanism  of  Bi  layer.  For  example  we  could  not  obtain  the  compact  Bi 
layer  on  the  ITO  substrate  from  this  electrolyte  solution 

Tab.  1  Results  obtained  from  comparation  between  the  real  layer  thickness  elipsometric  measured  and  the  nominal  ones 
computed  from  the  Faraday  law 


Sample 

Substrate 

Real  thick 

elipsometric 
measured,  A 

Nominal  thick 

calculated,  A 

Current 

efficiency  % 

Ni  1 

ITO 

784 

830 

94.45 

Ni2 

ITO 

276 

300 

92 

Ni3 

ITO 

290 

310 

93.5 

Ni4 

Cu 

285  (without  CuO) 

213+67(CuO) 

275 

100 

Ni5 

Cu 

404  (without  CuO) 

310+128  (CuO) 

450 

90 

97.3 

Ni  +  Bi 

Cu 

303  +  880 

290+2000 

44 

Bi+Ni 

Cu 

1020+  340 

3100+1080 

33 

For  magnetotransport  measurements  such  as  Hall  effect  and  magnetoresistance,  samples  having  different  geome^  have 
been  prepared.  A  five  contacts  geometiy  presented  in  Fig.  2,  was  used  to  measure  both  Hall  resistivity  and 
magnptnrpcictanri>  on  Bi-Ni  sauqiles.  TMs  permitted  to  adjust  a  zero  tension  at  the  zero  magnetic  field  by  introducing  a 
potentiometer  between  the  contacts  2  and  3  and  to  calculate  the  resistivity  as  a  field  fimction  by  measuring  potential 
differences  between  contacts  2  and  3.  Small  indium  contacts  were  be  used.  For  the  Cu-  Ni  prc*e,  tranqwrt  measureme^ 
were  carried  out  with  point-like  pressure  contacts  like  in  Fig.  3  (van  der  Pauw  geometry)  while  the  magnetic  field,  applied 
in  the  plane  of  the  superlattice,  was  stepped  in  the  range  -  0.8  to  0.8  T  (the  maximum  field  achievable  with  our 
electromagnet).  The  resistance  R12.34  is  defined  as  the  potential  difference  V4  -V3  between  contact  4  and  contact  3  per  umt 
current  flowing  from  contact  1  to  contact  2,  while  -  R23,4i  is  defined  the  same  way.  R.12,34  is  predominantly  a  measure  of  the 
longitudinal  magnetoresistence  (current  parallel  to  field)  while  R23,4i  is  predominantly  a  measure  of  the  transversal 
magnetoiesistance  (current  perpendicular  to  field).  Measurements  of  HaU  resistivity  Px,y  were  executed  using  the  geometiy 
presented  Fig.  2.  All  measurements  were  carried  out  at  room  temperature.  Fig.  4  a  and  b  shows  the  Hall  ^stivity  p*,y 
values  for  a  Ni  -Bi  (30  nm/200  nm)x6  sample  and  a  pure  Bi  sanqile  (14  pm)  deposited  from  same  solution.  The  Hall 
resistivity  of  Ni-Bi  sample  is  two  order  of  magnitude  larger  then  that  of  the  pure  Ni  and  is  dominated  by  the  value  of  the 
thick  Bi  layers  Hall  resistivity.  Hence  the  field  dependence  is  lineariy  and  its  value  is  close  to  Bi  pure.  Fig.  5  presents  the 
Hall  resistivity  Px,y  for  a  Chi-Ni  (4  ran/  8  ran)x51  sample.  The  value  of  p^y  is  about  one  order  of  magnitude  less  than  the 
value  of  pure  Ni.  The  shape  of  the  field  dependence  curves  begin  at  0.7  T  to  have  another  slope.  The  extraordinary  Hall 
coefficient  for  ferromagnetic  materials  Rsis  determined  as; 

R,  =  ap+bp^ 

where  p  is  resistivity,  a  and  b  represent  the  magnitudes  of  the  skew-scattering  and  the  side-jump  components, 
respectively’®’”. 
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There  is  an  obvious  Ni  layer  influence  on  the  magnetic  properties  of  the  whole  structure  and  on  the  conduction  electron 
scattering  mechanism.  At  low  magnetic  fields  ( B  <  1 the  scattering  in  magnetic  multilayered  systems  is  accompanied 
by  a  large  left-right  asynunetry  which  is  described  in  terms  of  side-jump  and  skew  -scattaing  components.  These  are 
characteristic  of  the  used  sample  and  dq)end  strongly  on  the  layer  thickness. 


The  magnetoresistance  is  defined  as; 


MR 


RjH)- R(H  =  0) 
R(H  =  0) 


•100% 


(2) 


and  was  measured  for  Ni-Bi  samples  using  the  geometry  presented  in  Fig.  2,  with  the  magnetic  field  in  the  plane  of  and 
perpendicular  to  the  sanqrle.  The  perpendicular  MR  for  each  Ni-Bi  sample  was  0.4  %  at  B  =  0.63  T  and  the  parallel  MR  was 
0.1  %  at  a  same  field.  The  values  of  magnetoresistance  for  Cu-Ni  (4  nm/6  nm)x60  and  (4  nm/8  nm)x51  were  measured 
using  the  geometry  presented  in  Fig.  3  (van  der  Pauw).The  field  dependence  of  van  der  Pauw  magnetoresistanc^  is  ^own  in 
Fig.  6.  The  anisotropic  MR  is  present;  longitudinal  VDP  MR  is  positive  (curve  a)  and  transversal  VDP  MR  is  negative 
(curve  b).  The  longitudinal  MR  do  not  achieve  saturation  at  our  field  (0.8 1)  and  the  transversal  MR  shows  a  maximum  at  a 
field  around  0.7  T  which  dovetail  with  Hall  resistivity  slope  change  (Fig.  5).  This  behaviors  is  a  feature  of  ferromagnetic  anH 
is  due  to  the  presence  of  the  Ni  in  structure. 


Iilg.2  The  geometry  of  Bi-Ni  multilayer  sun5)les  Fig.  3  E}q)erimental  geometry  used  for  magnetoresistance 

measurements  in  Ni-Cu  multilayers 


152 


BfmT) 

Fig.  4  The  field  dependence  of  the  Hall  resistivity  for  a) 
Bi-Ni  multilayers  and  b)  Bi  pure  (14  pm)  thickness  film. 


Fig.  5  The  field  dependaice  of  the  Hall  resistivity  for 
Cu-Ni  (4  nm/8  mn)  x5 1  sample 


Fig.  6  Van  derPauwmagnetoresistanse  curve  for  Cu-Ni  (4  nm^nm)x51  sample:  a)  longitudinal  MR;  b)  transversal  MR 

4.  CONCLUSIONS 

The  electrochemical  deposition  method  was  used  to  prepare  binary  metalic  multilayer  sistems.  Two  separate  electrolyts 
were  used  to  obtain  Bi-Ni  samples  and  single  electrol^  bath  method  was  used  to  prepare  Ni-Qi  samples.  The  thickness  of 
the  l^ers  were  investigated  by  spectro-elipsometiy  which  shows  a  good  agreement  with  nonunal  (calculated)  values  for  Ni 
deposition.  The  magnetotransport  measurements  such  as  Hall  resistivity  and  magnetoresistance  were  carded  for  each 
sumple.  The  Bi-Ni  sumples  display  behaviors  close  to  pure  Bi  and  Cu-Ni  samples  have  the  anisotropic  magnetoresistance 

which  is  a  feature  of  ferromagnetics. 
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ABSTRACT 

In  this  paper  we  discuss  the  upconversion  processes  responsible  for  violet  luminescence  (in  the  domain  0.39  h-  0.42  pm) 
from  the  Erbium  levels  (transition  ¥3/2  ‘'I13/2)  and  ‘*Im)  in  diluted  Er:  YAG  crystals,  excited  with 

pulsed  (532  nm)  as  well  with  cw  (at  488  nm  and  784  nm)  lasers  Besides  the  general  need  for  new  spectroscopic  data 
concerning  laser  materials,  the  interest  for  this  stu^  is  generated  by  the  fact  that  energy  levels  of  very  different  quantum 
efficiencies  (~  0.3  for  ^P3/2and  ~  0.0004  for  can  produce,  fimction  of  the  pmqjing  conditions,  fluorescence  spectra  of 
comparable  intensities  or  even  with  reversed  intensity  ratio.  Thus,  though  for  532  nm  pulse  excitation  (pump  transition  ''1,5/2 
‘'S3/2,  the  intensity  of  the  lines  originating  from  ¥3/2  is  much  stronger  than  the  intensity  of  the  lines  starting  from  ^H29/2, 
in  accord  with  the  corresponding  quantum  efficiencies,  for  cw  pumping,  the  excitation  at  488  nm  (pump  transition  ‘’1,5^ 
Foduces  luminescence  spectra  of  comparable  intensities,  while  for  784  nm  (‘'1,5/2  '’W  pumping,  the  lines 

originating  from  ^H29/2  level  are  more  intense.  Various  two-  or  three-step  upconversion  mechanisms  (ESA  at  low  Erbium 
concentrations)  were  Foposed  to  explain  the  observed  luminescence  spectra.  We  found  that  a  rather  good  description  of  the 
intensity  ratio  of  the  luminescence  spectra,  obtained  in  various  experimental  conditions,  could  be  obtained  in  the  frame  of 
the  Judd-Qfelt  model,  if  a  quantitative  analysis  of  the  resonance  of  the  ESA  transitions  with  the  pumping  quanta  is 
Fiformed. 

Keywords:  Upconversion,  Er^,  YAG. 

1.  INTRODUCTION 

The  energy  level  schema  of  Ei^  with  many  energetic  resonances  and  with  imFrtant  absorption  bands  in  the  emission 
domain  of  the  laser  diodes,  recommend  the  Erbium  doped  crystals  as  very  convenient  systems  for  uFonversion  lasers.  The 
green  liuninescence  (transition  ^S3/2  ->  ‘'1,5/2),  excited  in  infrared  by  upconversion,  was  extensively  studied,  due  to  the 
possibility  of  efficient  generation  at  room  temperature  *  Nevertheless,  relatively  few  FFrs  were  devoted  to  the  study  of 
upconversion  excited  luminescence  of  the  higher  Erbium  levels  though  visible  laser  emission  at  low  temFrature  from 
the  high  energy  levels  such  as  ^P3a  and  in  low  phonons  cryst^s,  was  obtained.  Thus,  in*^  blue  (on  the  transition  'P3/2 
I„/2  at  469.7  nm)  and  green  (on  the  transition  ^H29/2  ‘'1,3/2  at  560  nm)  laser  emission  in  YLiF4  were  reFrted.  Red 

generation  on  the  transition  \m  (703.7  nm)  was  also  obtained'''.  Surprisingly,  no  fP^  (®  O'Jr  knowledge)  was 

dedicated  to  the  systematic  stu^  of  the  upconversion  luminescence  of  the  ^P3/2  level,  though  the  large  energy  gap  (~  3000 
cm"')  between  this  level  and  '^Gvi  assures,  even  in  oxides,  a  quite  large  quantum  efficiency. 


Function  of  the  dopant  concentration  and  pumping  characteristics  (pumping  wavelength,  pulsed  or  cw  excitation),  various 
schemes  for  FPulation  of  the  Erbium  levels  could  be  realized.  At  low  dopant  concentrations,  excited  state  absorption  (ESA) 
is  the  main  upconversion  mechanism,  while  for  higher  concentrations  cooFi^tive  upconversion  becomes  very  active. 


For  low  concentration  crystals  and  short  pumping  pulses,  ESA  can  take  idace  only  from  the  energy  levels  which  can  reach  a 
significant  FPulafron  during  the  pumping  pulse,  regardless  their  lifetime.  On  the  contrary,  for  cw  pumping,  when  the  level 
Fpulations  are  practically  proFrtional  with  their  lifetimes,  ESA  from  the  long-lived  levels  could  be  dominant.  For  both 
situations  the  first  and  the  second  (or  hi^er)  steF  must  be  resonant  (or  quasi-resonant)  with  the  pumping  quanta.  For 
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bi^er  dopant  concentrations,  once  a  metastable  level  is  populated,  a  cooperative  upconversion  process  could  be  fed  from 
this  population,  regardless  the  pumping  quanta. 

In  this  paper  we  stu<fy  the  upconversion  processes  responsible  for  the  violet  luminescence  (in  the  domain  0.39  —  0.42  pm)  of 
the  Eibium  levels  (transition  ''I13/2)  and  (transition  ‘'lisc)  in  diluted  Er:  YAG  crystals,  excited 

with  pulsed  (at  532  nm)  as  well  with  cw  (at  488  nm  and  784  nm)  lasers.  A  forthcoming  paper  wiU  be  dedicated  to  the  higher 
concentrated  Er:  YAG  crystals. 


The  levels  and  ^H29/2  in  YAG  are  separated  from  the  next  lower  ones  by  quite  different  energy  gaps;  3314 

cm  *  and,  respectively,  1757  cm  *  (Ref.  18).  Since  the  YAG  crystals  are  characterized  by  high-energy  ^lonons,  very 
different  multiphonon  rates,  and  consequently,  very  different  quantum  efficiencies  of  these  levels  are  expected.  Chi  the  other 
hand  the  efficiency  of  the  various  upconversion  mechanisms  could  be  also  very  different.  Such  a  situation  is  encountered 
for  the  iqxxmversion  violet  spectra  of  Erbium  in  YAG  (corresponding  to  and  transitions).  The 

aim  of  fliis  paper  is  to  find  out  the  upconversion  mechanisms  responsible  for  violet  emission  of  P3/2  and  H29/2  levels  and, 
by  analysing  the  energetic  resonance  degree  between  the  involved  ESA  processes  and  the  pumping  quanta,  to  tty  a 
quantitative  explanation  for  the  observed  intensity  ratio  of  luminescence  associated  with  the  two  transitions,  in  various 
pumping  conditions. 


In  this  p^ier,  we  use  the  Russell-Saimders  limit  for  the  spectroscopic  notations.  Therefore,  some  of  our  notations  differ  from 
the  notations  adopted  in**. 


2.  EXPERIMENT 

The  experiments  were  performed  at  room  temperature  on  low  concentrated  Er;  YAG  samples.  The  violet  luminescence  of 
Er;  YAG  was  excited  either  with  pulsed  or  cw  lasers.  The  experimental  set-i?)  for  pulse  excitation  consirted  of  a  pump  (~  15 
ns  iHilse  duration)  laser  and  a  GDM  1000  mochromator  equipped  with  an  S-20  photomultijdier  in  photon  counting 
configuration.  The  fluorescence  spectra  were  obtained  with  a  TURBO  MCS  scaler.  The  pulsed  excitation  was  in  green  (532 
nm)  using  the  second  harmonic  of  the  NcL  YAG  laser  Quanta  Ray  DCR2.  For  cw  pumping,  the  488  nm  emission  line  of  a 
Coherent  INNOVA  300  Argon  laser  or  the  784  nm  emission  of  a  COHERENT  Titan  Sa^jhire  laser  Model  890  was  selected 
and  the  luminescence  was  analyzed  with  an  HRS2  Jobin  Yvon  monochromator,  equipped  with  a  cooled  S-20 
photomultiplier,  and  a  picoampermeter  on  line  with  a  PC.  Except  for  the  Titan  Saf^diire  excitation,  were  due  to 
e?q)erimental  reasons,  the  Erbium  concentration  in  the  YAG  sample  was  3  %,  the  measurements  were  performed  on  an  Er 
(0.3  %):  YAG  sgmpip  The  third  harmonic  (355  nm)  of  the  Nd:  YAG  pulsed  laser  was  used  to  measure  the  fluorescent 
lifetime  of  the  level. 

3.  THEORETICAL  CONSIDERATIONS 

The  majority  of  the  observed  optical  transitions  in  lanthanide  ions  are  induced  electric-dipole  transitions.  In  1962, 
independently,  Judd*®  and  Ofelt“  worked  out  the  theoretical  background  for  the  calculation  of  the  induced  electric-dipole 
matrix  elements,  hr  the  frame  of  the  Judd-Ofelt  (JO)  model,  the  line  strength  for  an  electric-dipole  f  ^  f  transition  between 
the  initial  state  [[xi/SL]  j)  and  the  final  state  |[\(/ST']7')  is  given  by 

5“'([v,/5L]  J,[v|/Y'Z']7')  =  ^  l([vSi]  V'}f  (D 

where  are  the  three  JO  parameters  and  |([m/5L]  are  the  squares  of  the  reduced  matrix  elements  of  the 

unitary  operators  in  intermediary  coupling.  The  line  strength  for  the  magnetic-dipole  is  given  by 

J')  =^^|{[vi/5L]  j||l  +2s|1[v|/5Y']  J')f  <2) 
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where  e,  h,c  have  flie  usual  signification  and  m  is  the  electron  rest  mass.  L  and  S are  total  orbital  and  spin  angular 
momentum  operators.  The  dominant  terms  for  intermediary  coupling  are  denoted  usually  by  square  parentheses  in  the 
defirution  of  the  initial  and  final  states. 


Denoting  here  by  i  and/the  initial  and  final  states,  the  relation  between  the  absorption  cross-section  for  the  /  -^/transition, 
at  the  pump  laser  wavenumber  £,  and  the  line  strengths  for  the  electric-  and  magnetic-dipole  transition  is“ 


4it^E 


3cft(27  +  l) 


9/2 


5;  +ns; 


3(e,) 


(3) 


The  fiictors  multiplying  the  electric-  and  magnetic-dipole  line  strengths  in  the  square  parenthesis  in  Eq.  (3)  are  the  crystal 
field  corrections,  exjH^essed  in  terms  of  refractive  index  n  ^£^,)is  the  value  of  the  overlap  integral,  calrulatf^d  for  the 
wavenumber  .  hr  Eq.  (3)  £  represents  an  average  on  the  absorption  spectrum.  The  overlap  integral  is  given  by 

3(£,)  =  J/(£)p(£,r)4(£  +  £,)dE  (4) 

where  f.{E)  and  f^{E)  are  the  sh^-fimctions  for  the  initial  and  final  states  and  ^E,t)  takes  into  account  the  thmnal 

distribution  in  the  initial  state.  Varying  £„  the  expression  (3)  simulates  the  ESA  spectrum,  if  the  sh^-fimctions  /  (£)  and 
ff{E)  are  known. 


The  pumping  rate  in  stationary  conditions,  from  the  initial  state  /  (0  for  the  ground  state)  to  the  final  state/  for  the  GSA  and 
ESA,  in  stationary  transition  are: 


nEAA  i 

^0/  ”^0/ 


(5) 


where  is  the  ground  state  absorption  cross-section,  is  the  total  ESA  cross-section  and  <|>  is  the  laser  jAoton  flux 

incident  on  the  crystal.  Various  sets  of  JO  parameters  are  found  in  literature,  which  differ  significantly  one  of  another.  In 
Table  1,  we  present  seven  sets  of  JO  parameters  used  in  this  paper.  The  measured  fluorescent  lifetimes  as  well  as  the 


Table  1.  JO  parameters  for  Er:  YAG.  (The  i^ls  (a)  -  (g)  will  be  preserved  along  this  paper) 


nj(10-^"cm^) 

fi,(10-^"cm^) 

n^(10-^"cm^) 

JO  set /reference 

0.28 

1.23 

0.78 

(a) /Ref  24 

0.19 

1.68 

0.62 

(b)/ Ref  25 

0.32 

1,19 

0.80 

(c)/ Ref  26 

0.40 

0.65 

0.75 

(d)/ Ref  26 

0.45 

0.98 

0.62 

(e)/ Ref  27 

1.07 

1.61 

1.14 

(f)/Ref  26 

0.24 

1.05 

0.56 

(g)/ Ref  28 

calculated  radiative  lifetimes  are  shown  in  Table  2.  The  significance  of  the  subscript  k  is  given  in  the  left  side  of  the 
energy  level  scheme,  given  in  Fig.  2. 


4.  RESULTS  AND  DISCUSSION 

In  the  spectral  domain  spanning  the  luminescence  associated  Xsn  and  ->  "^I^  transitions,  two  other 

transitions,  namely  '’G7/2  %/2,  could,  in  principle,  give  a  contribution  but,  due  to  the  very  low  quantum 

^ciency  expected  for  the  G7/2  and  G9/2  levels  in  YAG  (ener^  gaps  of  545  and,  respectively,  1425  cm"^),  the  fluorescence 
lines  corresponding  to  these  transitions  were  not  put  clearly  into  evidence. 
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Table  2.  Measured  fluorescence  lifetimes  2"^  and  calculated  radiative  lifetimes 


JOset“> 

(a) 

(b) 

© 

(d) 

(e) 

(f) 

_ 

(g) 

Level 

I 

1- 

^P3/2 

50 

189 

184 

193 

237 

232 

132 

171 

0.15 

360 

374 

349 

413 

436 

242 

374 

"^§3/2 

16 

606 

754 

591 

635 

762 

415 

827 

1.5 

638 

554 

645 

922 

799 

467 

486 

"*19/2 

0.05 

4635 

3744 

4727 

7394 

_ _ 1 

5809 

3458 

3188 

%l/2 

100 

7274 

8792 

7074 

7509 

9715 

4934 

9426 

%3/2 

6400 

6398 

7030 

6319 

6770 

7369 

4957 

7195 

In  Fig.  1  we  present  the  room  temperature  fluorescence  sp^tra  in  the  23750  -r  25250  cm  '  domain  of  low  concentrated  Er: 
YAG  samples,  for  various  excitation  conditions;  pulse  excitation  at  532  nm  (Fig.  1  a),  pulsed  excitation  at  355  nm  (Fig.  1 
b),  and  cw  excitation  at  488  nm  (Fig.  1  c)  for  an  Er  (0.3  %):  YAG  sample,  as  well  as  the  fluorescence  spectrum  of  an  Er  (3 
%):  YAG  sample  excited  at  784  nm,  cw  (Fig.  1  d).  As  pointed  before,  in  this  spectral  domain,  the  observed  fluorescence 
lines  belong  to  two  transitions;  (for  E  >  24590  cm  ')  and  ->•  Xsn-  Due  to  the  weak  luminescence  for  784 

nm  excitation,  we  used  a  more  concentrated  sample  (3  %  instead  0.3  %)  and  the  spectra  were  obtained  with  a  lower 
resolutioa  We  consider  this  concentration  still  to  low  to  interfere  significanfly  the  cooperative  upconversion  mechanisms. 
Function  of  the  pumping  conditions  the  relative  intensities  of  the  two  spectra  change  dramatically.  Thus,  for  532  nm 
pumping  the  lines  corresponding  to  the  ^P3/2  \m  transition  are  much  more  imense  than  the  lines  belonging  to  H29/2  -> 
Ti5/2  transition,  while  for  cw  pumping  at  488  nm  the  intensities  of  the  two  spectra  are  comparable.  For  pumping  at  784  nm 
the  transition  ^9/2  ‘'Iim  gives  more  intense  fluorescence  lines. 

Since,  in  the  conditions  of  Figs.  1  a  to  d,  the  fluorescence  wavelengths  are  shorter  than  the  pumping  ones,  &e  levels 
and  ^H29/2  are  populated  by  upconversion  jwocesses,  except  for  the  case  of  355  mn  pumping  where  the  W.912  level  is 
pumped  directly  (Fig.  1  b).  In  flus  case,  the  relative  intensities  of  the  two  spectra  can  be  changed,  funOion  of  the  pump 
intensity.  TTie  pulsed  355  nm  excitation  allows  the  direct  measurement  of  the  fluorescence  lifetime  of  ^H29/2. 

Besides  the  lines  associated  with  ”*115/2  and  >  ”*113/2,  in  Figs.  1  a,  b,  another  group  of  lines,  marked  with 

arrows,  is  observed.  The  possible  origin  of  this  group  of  lines  will  be  discussed  at  the  end  of  this  Section. 

The  fluorescent  levels  ^^3/2  and  ^H29/2  have  very  different  quantum  efficiencies.  The  quantum  efficiencies 
=  /?’/“'  and  =  ,  as  welt  as  the  branching  ratios  p,,  (transition  ”*113/2)  and 

(transition  ^H29/2  ”*115/2),  calculated  for  the  seven  JO  sets,  are  given  in  Table  3.  The  fluorescent  transitions  are  denoted  by 

dashed  arrows  in  Fig.  2. 

At  low  Erbium  concentration,  only  ESA  processes  can  be  taken  into  account.  In  the  following,  we  will  discuss  separately 
the  i»ilsed  and  the  cw  experiments. 


4.1.  Pulsed  excitation 

4.1.1.  Pumping  at  532  nm 

For  short  pulse  excitation  only  the  pump  level  (or,  for  very  strong  multijdionon  transitions,  the  nearest  lower  level)  succeeds 
to  arnimnlafp.  a  Significant  population  during  the  laser  pulse.  For  pumping  at  532  nm,  ESA  from  ”'S3a  (and,  possibly,  fiom 
‘'F9/2)  excites  levels  placed  at  higher  energies  than  ^P3/2  (Fig.  2).  From  these  levels,  via  efficient  multiphonon  transitions,  the 
excitation  reaches  building  a  population  W,  .A  fraction  of  21  to  37  %  (as  estimated  ftmction  of  the  used  JO  set)  fiom 
this  population  is  spent  in  radiative  transitions  terminating  on  levels  with  lower  energy  than  ^9/2,  but  (63  ^  79)  %  from 
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N j  reaches  by  maltiphonon  relaxation.  Therefore,  we  can  estimate  the  ratio  of  the  luminescence  intensities  of  the  two 

fluorescence  spectra  as: 


.  ,  I 

(^76  +^76/^1  ’ 


■  V 

^76  '^2^^7J 
J=0  ) 


J  ’ll  -^3/2)1^71^7 

where  and  are,  respectively,  the  radiative  and  multiphonon  transition  probabilities. 


(6) 


Figare.  1.  Fluorescence  spectra  corresponding  to  ’P3/2  Xmi  (for  E  >  24590  cm'*)  and  ’ICot  ->  ''Iim  transitions  for  an  Er  (0.3  %):  YAG 
sample  (a  -  c)  and  for  an  Er  (3  %):  YAG  sample  (d),  obtained  in  various  excitation  conditions:  (a)  15  ns  pulses  at  532  nm,  (b)  15  ns  pulses 
at  355  nm,  (c)  488  run,  cw,  and  (d)  784  nm,  cw.  Due  to  the  eiqierimental  conditions,  the  spectrum  (d)  was  obtained  -with  a  lower 
resolution. 

The  ratio  of  the  luminescence  intensities  is  very  low,  (13- 1.6)  x  10'^  function  of  the  JO  set,  thus  explaining  the  veiy 
reduced  intensity  of  the  ->  ‘'I15/2  spectrum  for  pulse  excitation  in  '*83^.  when  the  level  is  fed  mainly  via  ^Pa^. 


Table  3.  Quantum  efficiencies  and  branching  ratios  involved  in  the  luminescence  of  ¥3/2  and  levels. 


JO  set 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

0.265 

0.272 

0.260 

0.211 

0.216 

0.379 

0.292 

0.000417 

0.000401 

0.00043 

0.000363 

0.000344 

0.00062 

0.000401 

Prr 

0.384 

0.297 

0.390 

0.462 

0.373 

0.391 

0.249 

P«, 

0.464 

0.417 

0,466 

0.485 

0.447 

0.450 

i 

0.402 

4.1.2.  Pumping  at  355  nm 

As  we  mentioned  before,  in  this  case,  the  level  is  pumped  directly,  while  the  level  ¥3/2  is  pumped  by  a  two-step  ESA 
(Fig.  2).  Nevertheless,  due  to  the  large  difference  in  the  quantum  efficiencies,  the  intensities  of  the  fluorescence  spectra  are 
still  comparable  (Fig.  1  c).  We  used  355  nm  pumping  to  measure  the  lifetime  of  the  level  (Table  2). 
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4.2.  CW  excitation 
4.2.1.  Pumping  at  488  nm 

An  inspection  of  the  energy  level  scheme  of  Et^  in  YAG  shows  that  for  488  mn  punning  there  are  three  resonant  (or 
quasi-resonant)  excited  state  absorption;  (i)  >  ^K.i5/2>  (ii)  ^83/2  *^$12,  (Fig-  2),  and  (hi)  I9/2  Kj^,  G5/2. 

The  transition  (hi)  can  be  eliminated  from  discussion  due  to  the  very  low  value  of  the  stationary  population  of  I9/2  hr  YAG 
(the  fluorescent  lifetime  of  %/2  is  0.05  ps,  compared  with  6400  ps,  the  lifetime  of  ''I13/2  -  see  Table  2). 


Figure  2.  Energy  level  scheme  of  Er^  in  YAG  and  the  main  ESA  processes  (solid  arrows)  considered  to  ejqrlain  the  r^onversion  ^ctra 
from  Fig.  1.  The  multiphonon  transitions  are  represented  by  dotted  lines  while  the  fluorescence  ones  by  dashed  lines.  The  ^citation 
wavelengths  are  indicated.  GSA  represents  the  ground  state  absorj^on  vihile  (i),  (h),  (j),  (jj),  (i),  and  (ii)  are  ESA  transitions.  The 
spectroscopic  notations  are  in  the  Rnssell-Sounders  limit. 

For  stationary  pumping  at  488  nm  the  GSA  transition  ^5/2  "*^7/2  is  followed  by  rapid  multiphonon  transitions  to  "^83/2-  A 

rather  good  approximation  for  the  rate  equations  describing  the  populations  of  the  levels  "^113/2  up  to  P3/2  can  be  obtained  if 

i-i 

we  take  into  account  the  inequality  w.  (except  for  and  that  multiphonon  transitions  connect 

i=o 


successive  levels 


^6  .  _gS4i»r 


T  T 


(7) 


where  is  the  cross-section  for  the  ESA  process  (i),  while  is  related  to  the  ESA  transition  (ii),  and  a  is  the  cross- 
section  for  the  ground  state  absorption  (%s/2  ^F7/2)- 

For  low  pump  densities  (i.  e.  when  both  1)  3  simple  ejqxession  for  the  ratio  of  the  luminescence 

intensities  can  be  obtained; 
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(8) 


_  N,  T,{t,x+T,) 

^{"Pvi)  ^7  ti(V3,Jp,.  “  T,T,  ti(V3,3)p„ 

where  x=af“  /  af"  is  the  cross-section  ratio.  According  to  ener©'  level  scheme  of  Er^  in  YAG'®,  the  process  (i)  is  close 
to  resonance,  but  the  process  (ii)  is  not.  This  resonant  /  non-resonant  relation  must  be  reflected  in  the  ratio  of  the  ESA  cross- 
sections  Tc.  From  the  experiment  (Fig.  1  c)  Function  of  the  selected  JO  set,  the  values  of  * 

varies  from  380  (JO  set  (b))  up  to  460  (JO  set  (d)).  Taking  into  account  the  expression  (3),  this  leads  to  a  ratio  of  the  overlap 
integrals  3,  /3„  from  150  (JO  set  (g))  iq)  to  280  (JO  sets  (d)  and  (f)). 

Due  to  the  lack  of  accurate  and  detailed  experimental  data  regarding  ESA  transitions,  especially  for  flie  spectral  range  far 
from  the  absorption  peaks,  in  order  to  have  an  estimation  of  the  ratio  of  the  overlap  integrals,  we  have  used  the  simpt^ct 
model  for  the  shape  functions  entering  Eq.  (4),  where  both  initial  and  final  states  are  aR)roximated  by  sums  of  Lorentzian 
functions  of  the  same  width  w,  centered  on  the  Stark  sublevels  .  The  thermal  distribution  in  the  initial  state  is  introduced 
as 


/,(£)p(E,7’)  =  I 

J 


7C 


(9) 


with  Z 


kT 


where  £„  is  the  lowest  Stark  sublevel  of  the  multiplet  /.  The  discrete  form  of  the  thermal 

distribution  in  Eq.  (9)  is  justified  by  a  Lorentzian  width  w  «  ,  where  AE*  3.^,  is  the  energy  difference  between  two 

successive  Staric  sublevels.  Recently,  a  simulation  of  an  absorption  spectrum  using  shape  functions  of  adjust^le  width  was 
performed  in  order  to  check  the  reliabihty  of  the  JO  mottel  in  trivalent  rare  earth  ions  doped  glasses^. 

In  this  simplified  model,  the  ratio  3^  /  3^^  depends  on  only  one  parameter,  w.  Our  calculations  have  shown  that  for  w = 13 
cm"’  the  ratio  3^  /  3„  « 130 ,  close  to  the  ejqjerimental  value  obtained  with  the  JO  set  (g). 


An  analysis  of  the  experimental  GSA  and  fluorescence  spectra  shows  that  the  observed  spectral  lines  are  close  to  Lorentzian 
and  usual  values  for  the  experimental  width  w  could  be  found  in  the  interval  2.8  -t-  7  cm  ’ .  Noting  that  the  resulting  spectral 
widths  are  sums  of  the  initial  and  final  widths,  a  value  w  =  13  cm  ’,  used  to  describe  both  initial  and  final  states,  could  be  a 
reasonable  one. 


For  w=13  cm  ’  we  calculate  3^(488nw)  =  1.3 x  lO'^  and  3„(488/^w^)  =  lxl0■^  In  this  case,  Eq.  (3)  gives  for  ESA  cross- 
sections  af  =  3.3  X 10''“  cm^  and,  respectively,  af“  =  2.6  x  10'“  cm^  (JO  set  (g)).  With  these  values  for  the  ESA  ctoss- 
sections  we  can  evaluate  the  low  pumping  flux  condition,  i.  e.  ij>«l/(af^7;)»5x  10^'  cm'^  s'’,  which  corresponds  to 

approximately  20  W  mm'^.  In  our  experiments  the  typical  power  of  the  Argon  laser  was  1  W  with  an  irradiated  area  of  ~  0.4 
-s-  0.5  W  mm■^  giving,  thus,  2  -s-  2.5  W  mm'^.  It  results  that,  in  usual  experimental  conditions,  Eq.  (8)  is  valid 


4.2.2.  Pumping  at  784  nm 

The  pumping  transition  is  \$a  \i2  (Fig.  2).  The  Titan  Sapphire  laser  was  tuned  to  maximize  both  green  ^S^^ 

and  violet  ^H29/2  \siz  emission. 

An  mspection  of  the  energy  level  scheme  shows  that  the  level  can  not  be  populated  by  two-step  mechanisms  but  by  the 

three-step  process  (GSA  +  (j  and  /  or  jj)  +  u)  (see  Fig.  2  for  notations).  The  level  ^lEp/a  can  be  populated  either  by  a  two- 
step  process  (GSA + jjj)  or  by  a  three-step  one  (GSA  +  (j  and  /  or  jj)  + 1).  Due  to  the  very  low  stationary  population  of  the 
I9/2  level  in  YAG,  the  reduced  line  strength  for  the  ^Ig/z  — >  ^H29/2  transition,  and  the  off-resonance  of  this  transition  for  the 
784  nm  punq>  quanta,  the  two-step  upconversion  mechanism  can  be  neglected.  This  situation  is  in  contrast  with  the  case  of 
low  phonon  ci3rstals,  such  as  chlorides’^,  where  the  level  is  populated  by  the  two-step  process  GSA  +  jjjj. 

For  low  and  moderate  flux  densities  (a^Tlt) « l)  the  stationary  values  of  the  and  levels  are: 
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(10) 


GSA  ESArprp  (^ESArp  ,  ^^SArp\f.T 

Oj  r,r4CT^  rjjiVo'P 

iV,  «cy  aj  CT„  T{r^T^N^if 

and  the  ratio  of  the  luminescence  intensity  of  the  fluorescent  levels  ^Vflga  and  is 

i'H-ijK  i’mjK  T.(T,y-^T,] 

1, {'>’«)  “  '  n(>„)u„  nr, 

where  y  =  ap‘/cf^.  An  inspection  of  Fig.  1  d  shows  that  for  784  nm  pumping  I ! I Py^^l.  An 

analysis,  similar  to  that  performed  for  488  nm  pumping,  gives,  in  this  case,  values  for  y  between  3.2  x  10  (JO  set  (g))  and 
4.3  X 10*  (JO  set  (d)).  Again,  making  appeal  to  Eq.  (3),  it  results  a  ratio  of  the  overlap  integrals  5,  /  3,^  between  1.8x10  (JO 
set  (g))  and  6.7x10*  (JO  set  (f)),  two  order  of  magnitude  larger  than  for  488  nm  pumping.  We  must  note  that,  due  to 
pvpftrimf-ntal  reasons,  (very  weak  violet  fluorescence  for  infrared  pumping)  we  used  a  more  concentrated  sample  (3  % 
instead  of  0.3  %).  If,  in  a  first  approximation,  we  could  still  neglect  the  cooperative  upconversion  effects,  the  cross¬ 
relaxation  processes,  affecting  the  kinetics  of  the  “Sm  and  levels  must  be  taken  into  account.  While  flie  conwntration 
<pipnnhing  of  the  *83/2  level  was  extensively  studied^,  no  data  concerning  flie  concentration  quenching  of  P3/2  was 
published.  An  inspection  of  the  energy  level  scheme  of  Erbium  in  YAG  shows  that  two  cross-relaxation  mechamsms  could 
be  taken  into  account:  (^P3/2  ^83/2)  +(*Ii5/2  *19/2)  and  H29/2)  "K  I15/2  I13/2)  (Fig.  3  a).  We  note  that,  due  to 

relative  reduced  population  of  the  '^Pm,  in  the  low  pumping  Umit,  our  calculations  shows  that  the  effect  of  both  cross 
relaxation  mechanisms,  affecting  the  ^P3/2,  on  the  luminescence  ratio,  is  the  same. 


(7) - 
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Figure  3.  Cross-relaxation  processes  affecting  the  kinetics  of  3/2  (a)  and  ^3/2  (b)  levels. 

Only  the  concentration  quenching  of  ^P3/2  could  affect  the  luminescence  ratio.  The  concentration  quenching  of  ''S3/2  (Fig.  3 
b)  lowering  the  population  (and,  consetpiently,  N^),  reduces  equally  the  efficiency  of  both  ESA  processes  (i)  and  (vi). 
By  comparing  the  fluorescence  kineties  of  tire  ^Psa  level  in  the  0.3  %  and  in  the  3  %  sample,  we  estimated  a  reduction  of  &e 
fl,,oT<»5CPint  liferimn  2.5  times.  As  a  consequence,  since  the  reduction  of  the  fluorescent  lifetime  of  P3/2  results  in  a  reduction 

of  the  q■1am^^m  efficiency  ii(  ^  Py2 ) ,  the  increase  of  the  Erbium  concentration  from  0.3  %  to  3  %,  reduces  the  value  of  y,  (and 
the  ratio  3,  /  3„),  with  a  factor  of  2.5^  =  6.25.  Function  of  the  selected  set  of  JO  parameters,  the  ratio  3^  /  3„  varies  now 
from  2.8 X 10*  (JO  sets  (b)  and  (g))  up  to  lx  10*  (JO  set  (fl).  Using  the  same  simplified  model  for  the  overlap  integrals  as 
for  488  run  piunping  (Eq.  9))  and  the  same  widtii  of  the  Lorentzian  functions  (w  =  1.5  cm"'),  we  obtain  for  the  calculated 
value  3j  /  3„  « 1.3  x  10*,  apt^oximately  half  of  the  experimental  value  (corresponding  to  tire  JO  sets  (b)  and  (g)). 
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Despite  the  inherent  approximations  and  simplifications,  our  model  gives  a  rather  good  explanation  of  the  experiment.  The 
JO  model  is  used  three  times:  first,  in  the  calculation  of  the  line  strengths  entering  the  ESA  cross-sections  (3);  second,  in  the 
estimation  of  the  radiative  lifetimes  determining  the  quantum  efficiencies,  and  third,  in  the  branching  ratios.  In  this  case,  the 
errors  of  the  JO  model  could  accumulate.  Also,  the  large  spread  of  the  published  JO  setsP'*'^,  concerning  the  Er.  YAG 
crystal  reflects  the  experimental  difficulties  in  obtairung  correct  values  for  JO  parameters.  For  examjde,  replacing  the  JO  set 
(f)  with  (b)  or  (g),  the  estimated  3^  /3,,  ratio  changes  more  than  three  times.  Nevertheless,  the  most  difficult  task  was  to 
give  a  quantitative  eiqjlanation  of  the  “contrast”  between  the  resonant  and  non-resonant  ESA  transitions,  as  estimated  from 
luminescence  experiments.  We  tried  to  answer  this  question  assuming  for  the  shape  fimctions  in  the  overlap  integrals  the 
simplest  model:  both  irutial  and  final  states  are  expressed  as  sums  of  Lorentzian  fimctions  of  the  same  width.  Sur^nisittgiy, 
this  one  parameter  (Lorentzian  function  width  w)  model  succeeds  to  support  the  very  large  difference  in  the  quantum 
efficiencies  of  the  fluorescent  levels  ^H29/2  and  requiring  a  reasonable  value  w  =  1.5  cm  *.  The  fluorescence  lines 
marked  with  arrows  in  Fig.  1  a  (pumping  transition  %s/2  -*■  '*83/2)  and  in  Fig.  2  b  (pumping  transition  ''I15/2  ^Kim,  *Gga  do 
not  belong  to  “'ll  3/2  transition.  For  pumping  at  532  tun,  our  measurements  have  shown  a  cubic  dependence  of  then- 

fluorescence  intensity  function  of  the  pumping  intensity,  suggesting  a  three-step  excitation  mechanism.  The  same  lines 
show  a  quadratic  dependence  for  355  nm  pumping.  Therefore,  the  emitting  level  must  be  situated  between  37594  cm  ’  (two 
532  run  quanta)  and  56391  cm'*  (three  532  run  quanta  or  two  355  tun  quanta).  The  measured  fluorescence  lifetime  of  these 
lines  is  4  ps.  Because  the  YAG  crystal  is  characterized  by  strong  phonons,  a  4  ps  lifetime  requires  energy  gap  of  ~  2500  cm' 
'.  For  comparison,  the  level  ''S3/2,  characterized  by  a  fluorescent  lifetime  of  16  ps,  is  separated  fi-om  ''F9/2  by  a  gap  of  2876 
cm  *  (Ret  18),  while  ''F9/2,  separated  from  %i2  by  a  gap  of  2529  cm'*,  has  a  lifetime  of  1.5  ps.  An  energy  gap  of  2500  cm'*, 
situated  at  energy  higher  than  37594  cm'*,  is  not  present  in  the  energr  level  schema  of  Er^,  measured  in  YAG  in  the 
transparency  domam  of  the  crystal*®,  but  our  simulations  of  the  fi-ee  ion  ena-gy  levels  suggests  that  such  a  gap  could  exist 
for  energies  hi^er  than  45000  cm*.  For  example,  using  a  sim|rfe  model  for  the  fiee  ion  (including  only  electrostatic,  spin- 
orbit  and  configuration  imeractions),  we  found  that  large  enou^  eno-gy  gaps  could  exist  between  ‘'D1/2  and  \in  and 
between  and  ^Hlu/2  Fig.  2).  The  experimental  woric  dedicated  to  the  identification  of  the  origin  of  4  ps  lines  is 

in  progress. 


5.  CONCLUSIONS 

This  stiv^  has  shown  that  for  upconversion  luminescence,  besides  the  quantum  efficiency  of  the  emitting  levels,  the 
excitation  mechanisms  themselves  could  have  an  essential  influence  on  the  emission  intensity.  As  an  example,  we  have 
chosen  two  luminescent  levels  of  Er^  in  low  concentrated  YAG  crystals,  and  ^H29/2,  whose  quantum  efficiencies  differ 
with  about  three  orders  of  magrutude.  Despite  of  this,  function  of  the  pumping  conditions,  the  luitunescence  generated  1^ 
the  level  with  low  quantum  efficiency  could  be  more  intense.  The  efficiency  of  the  upconversion  processes  in  low 
concentrated  crystals  depends  on  the  quantum  efficiency  of  the  emitting  levels,  population  of  the  intermediate  metastable 
levels,  energetic  resonance  with  the  pump  quanta,  and  the  probability  of  the  ESA  transitions.  The  Judd-Ofelt  model  was 
used  in  the  estimation  of  the  strength  of  ESA  transitions,  quantum  efficiencies,  and  branching  ratios.  The  most  difficult 
problem  was  to  pve  a  quantitative  estimation  of  the  energetic  resonance  of  an  ESA  irocess  with  pump  quanta.  Thou^  very 
idealized,  the  description  of  both  irutial  and  final  states  with  sums  of  Lorentzian  functions  of  the  same  width,  could  furnish  a 
basis  for  the  interpetation  of  the  experimental  data.  Taking  into  account  the  accumulated  approximations  of  the  Judd-Ofelt 
model,  the  spread  of  the  available  JO  sets,  the  variety  of  the  purt^ing  conditions,  and  the  complexity  of  the  upconversion 
processes  in  hi^  {honon  crystals  such  as  Er:  YAG,  we  could  consider  that  the  proposed  upconversion  models  are  in  rather 
good  agreement  with  the  e?q)eriment. 
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ABSTRACT 

We  have  evaluated  the  resonant  photodetection  characteristics  of  long  wavelength  double  fused  InGaAsP/AlGaAs 
vertical  cavity  lasers.  Using  VCSEL  structures  fabricated  by  the  localized  fusion  technique  for  laser  generation,  light 
detection  is  also  possible  in  open  circuit,  short  circuit  and  forward  biased  (FB)  regimes.  The  wavelength  selectivity  of  the 
detection  increases  with  driving  current  in  FB  regime.  Detection  spectrum  with  FWHM  as  low  as  0.02  nm  is  demonstrated 
in  the  FB  regime  at  currents  above  threshold.  Investigated  structures  emit  and  detect  light  with  high  spectral  selectivity  and 
may  be  very  useful  as  multifunctional  elements  for  signal  generation  and  detection  in  wavelength  division  multiplexing 
(WDM)  systems. 


INTRODUCTION 

With  the  advent  of  fiber  optics  components  and  systems,  there  is  an  increasing  demand  for  high-performance  photonic 
devices  in  modem  optical  communication  networks.  Nowadays,  crystal-growth  techniques  provide  researchers  with  the 
cap^ility  of  producing  epitaxial  multilayer  structures  within  exact  specifications  allowing  realization  of  devices  with 
vertical  optical  microcavities  -  vertical  cavity  surface  emitting  lasers  (VCSELs)  and  resonant  cavity  enhanced  (RCE) 
photodetectors.  It  is  becoming  of  interest  to  investigate  vertical  cavity  microresonators  as  multifunctional  devices*"^  as  the 
main  design  criteria  for  emitters  (LEDs  and  VCSELs)  and  RCE  photodetectors  are  essentially  the  same.  Recently,  modified 
vertical  cavity  surface  emitting  lasers  were  demonstrated  to  function  both  as  light  sources  and  as  avalanche  photodetectors^. 
Amplification  of  an  external  beam  in  a  vertical-cavity  surface  emitting  laser  stmcture  has  been  already  demonstrated 
experimentally  in  the  near  infiared  spectral  region"*.  To  the  best  of  our  knowledge,  the  first  experimental  realization  of  a 
multifunctional  long  wavelength  (X=1.5  |xm)  InGaAsP  MQW  vertical  cavity  laser  amplifier-photodetector  was 
demonstrated  in  re£3. 

While  in  VCSELs  the  resonance  is  essential  for  device  operation,  in  an  emerging  family  of  optoelectronic  devices  the 
performance  is  enhanced  by  placing  the  active  device  structure  inside  a  Fabiy-Perot  resonant  microcavity'.  The  main  benefit 
comes  fi'om  the  wavelength  selectivity  and  a  considerable  enhancement  of  the  resonant  optical  field  intensity  in  the  cavity. 
This  enhanced  optical  field  allows  RCE  photodetector  structures  to  be  thinner  and  therefore  faster  while  simultaneously 
increasing  the  quantum  efficiency  at  the  resonant  wavelengths.  Off-resonance  wavelengths  are  rejected  by  the  cavity,  which 
m^es  RCE  photodetectors  promising  for  low  crosstalk  WDM  applications.  1530-1565  nm  wavelength  band  is  veiy  welt 
suited  for  fibre  communication  systems  because  of  the  availability  of  low  loss  optical  fibers  and  high  performance  Er-doped 
amplifiers  in  this  spectral  region.  So  far,  successful  demonstrations  of  1.5  pm  vertical  cavity  surface  emitting  lasers 
(VCSELs)  were  based  on  structures  having  at  least  one  AlGaAs/GaAs  distributed  Bragg  reflector  (DBR)  fused  to  the  InP- 
based  cavity  material .  To  obtain  lateral  current  confinement,  the  common  approach  consists  in  etching  mesas  on  fused 
structures.  In  more  recent  devices,  mesa  etching  is  combined  with  lateral  AlAs  oxidation.  In  our  alternative  approach  to  the 
fused  long  wavelength  InGaAsP/AlGaAs  VCSELs  fabrication*  lateral  current  confinement  is  obtained  by  localized  fusion. 
There  are  several  advantages  of  the  localized  fusion  in  VCSELs  fabrication  as  compared  with  the  common  mesa  etching, 
lat^  oxidation  or  proton  implantation:  (i)  the  possibility  of  in  situ  built-in  current  and  optical  field  confinement;  (ii)  lower 
series  resistance  for  the  same  DBR  parameters  as  compared  with  etched  post  or  proton  implanted  VCSELs,  (iii)  easier 
testing  and  packaging  due  to  larger  area  of  contacts  (as  compared  with  etched  posts);  (iv)  improved  thermal  properties  due 
to  the  large  dimensions  of  DBRs  on  both  sides  of  the  active  layer. 
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In  this  paper  we  will  present  the  evaluation  of  the  detection  characteristics  of  these  novel  long  wavelength  double  fused 
InGaAsP/AlGaAs  vertical  cavity  lasers  with  a  locally  fused  p-p  junction.  We  will  present  some  details  on  device  design  and 
fabrication.  A  short  description  of  the  experimental  set-up  for  characterization  of  the  VCSEL  detection  properties  will  be 
followed  by  presentation  of  the  experimental  results  and  discussion. 

DESIGN  AND  FABRICATION 

A  schematic  representation  of  our  VCSEL  structure  is  shown  in  Fig.  1.  This  device  is  assembled  using  a  double  fusion 
technique  from  three  separately  grown  epitaxial  structures,  namely  n-  and  p-  AlGaAs/GaAs  DBRs  and  InGaAsP/InP  active 
cavity  structure.  We  have  used  a  30  period  p-AlGaAs/GaAs  DBR  with  graded  AlGaAs/GaAs  interfaces  for  top  mirror  and  a 
35  period  n-AlGaAs/GaAs  DBR  for  the  bottom  mirror.  Both  n-  and  p-type  GaAs-  based  epiwafers  are  grown  by  metal 
organic  vapor  phase  epitaxy  (MOC  VD). 

The  InP-based  active  cavity  structure  is  grown 
by  Gas  Source  MBE  and  consists  of  a  9.5 
period  n-InGaAsP/InP  DBR,  6  compressively 
strained  InGaAsP  quantum  wells  sandwiched 
between  two  InP  spacers  forming  a  3/2 
wavelength  cavity,  and  a  1.5  period  p- 
InGaAsPAnP  DBR.  The  peak  of  the 
photoluminescence  spectrum  of  as-grown 
InGaAsP/InP  active  structure  was  at  1550  nm 
in  the  wafer  center. 

Absorption  values  of  34  cm'^  and  7  cm’'  for  the 
p  and  n  GaAs/AlGaAs  mirrors,  respectively, 
were  determined  using  high  accuracy 
reflectivity  measurements^’^.  Vertical  resistance 
value  of  2,5  10'^  Q-cm^  was  measured  for  the  p- 
mirror. 

After  structuring  the  surface  of  the  top  DBR 
wafer  by  selective  chemical  etching  and  fusing 
it  to  the  InGaAsP/InP  wafer  we  obtain  locally 
fused  regions  with  an  air  gap  between  them.  The  size  of  the  square-shaped  mesa  in  the  central  part  is  10x10  pm^.  At  the 
periphery  of  this  structure  there  is  a  native  oxide  layer  at  the  fused  interface,  which  serves  to  block  the  current  flow. 

After  selectively  etching  the  InP  substrate,  a  35  period  n- AlGaAs/GaAs  DBR  is  fused  to  the  n-InGaAsP/InP  DBR.  After  this 
second  fusion,  p-GaAs  substrate  is  selectively  etched,  then  Ti-Au  p-contact  on  the  exposed  p-AlGaAs/GaAs  DBR  as  well  as 
Ni-Ge-Au  n-contact  on  the  n-GaAs  substrate  are 
deposited. 

The  fusion  was  carried  out  using  a  stainless  pneumatic 
press  in  a  nitrogen  environment.  This  technique  allows 
us  to  change  the  pressure  during  the  heating  cycle, 
which  is  very  important  in  the  case  of  localized  fusion. 

Use  of  nitrogen  instead  of  hydrogen  is  reducing 
considerably  all  the  safety  problems  and  does  not  seem 
to  affect  the  quality  of  fusion.  This  technique  allows  us 
to  obtain  fused  p-GaAs/p-InP  structures  with  a  low 
voltage  drop  across  the  junction^  and  high 
crystallographic  quality  fused  interfaces. 

Cavity  mode  wavelength  (1523.8nm)  of  the  double 
fused  structure  (Fig.2)  is  clearly  shorter  than  the  peak 
reflectivity  of  the  mirrors  and  is  shifted  by  30  nm  from 
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Fig.  2.  Reflectivity  spectrum  in  the  vicinity  of  the  fused  mesa. 
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Fig.  1 .  Schematic  representation  of  the  VCSEL  structure. 
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&e  PL  peak  of  the  actwe  layer.  This  shift  is  the  reason  why  these  devices  operate  RT  cw  only  up  to  30  ®C,  as  it  was  shown 
in  ref.6.  At  the  same  time,  this  shift  is  beneficial  for  detection  characteristics  of  the  VCSEL  structure  because  cavity  mode 
wavelength  is  in  the  spectral  range  of  high  absorption  of  the  cavity  quantum  wells.  At  room  temperature,  the  VCSEL 
threshold  currents  are  about  5  mA  at  4  V.  This  relatively  high  value  of  the  operating  voltage  is  most  probably  due  to 
nonoptimized  doping  at  the  fused  p-p  junction.  Emitting  power  is  in  the  range  of  10  pW  at  currents  of  5-10  mA.  This  rather 
low  output  power  level  is  caused  by  the  absorption  in  the  top  p-AlGaAs/GaAs  DBR.  Spectral  distribution  of  CW  emission 
consists  of  a  dominant  mode  with  a  side-mode  suppression  ratio  of  30  dB.  Emission  is  polarized  along  one  of  the  [110] 
axes.  The  full  width  at  half  maximum  (FWHM)  is  less  than  0. 1  nm,  which  is  the  highest  resolution  of  our  optical  spectrum 
analyzer.  Far  field  pattern  of  the  VCSEL  is  circularly  symmetric,  with  5°  FWHM  value.  Near  field  pattern  below  threshold 
current  is  nearly  lOxlO-pm^  in  size  and  square  shaped,  indicating  a  good  current  confinement  through  the  locally  fused 
mesa.  Above  threshold  current  near  field  is  almost  circular  with  less  than  5  pm  diameter.  This  is  an  indication  that  there  is  a 
current  chaimeling  mechanism  through  the  central  part  of  the  fused  mesa.  This  current  tunneling  through  the  central  part  of 
the  mesa  leads  to  enhanced  current  density  followed  by  lasing.  We  believe  that  the  current  tunneling  is  most  probably  due  to 
thermally  induced  switching  mechanism  at  the  fused  p-p  interface. 

DETECTION  CHARACTERISTICS 


A  schematic  of  experimental  set-up  for  characterization  of  VCSEL  detection  properties  is  shown  in  Fig.3.  A  standard 
lock-in  technique  was  used  to  detect  the  voltage  variation  AU  on  the  device  contacts  (a  and  b  in  Fig.3)  as  a  result  of  external 
illumination.  VCSEL  is  fixed  on  a  probe  station  and  its  temperature  is  stabilized  with  0.05°C  accuracy.  For  evaluation  of 
detection  characteristics  a  tunable  laser  diode  with  a  linewidth  of  8*10‘’nm  (100  kHz),  tunability  range  1470-1560  nm  and 
output  power  of  0.1-1  mW  is  used.  Most  of  the  measurements  reported  in  this  paper  are  performed  using  0.1  mW  output 
power  of  this  tunable  laser.  In  order  to  estimate  the  response  spectrum  of  the  active  layer,  the  cleaved  VCSEL  structure  is 
measured  in  the  same  set-up  by  illuminating  a  cleaved  facet  of  the  device. 


The  spectral  response  of  the  active  layer  was  found  to  be  constant  within  10%  in  the  wavelength  range  of  1515-1530  nm 
therefore  we  assum^  it  as  constant  in  the  interpretation  of  the  detection  spectra.  Open  circuit  (OC)  and  short  circuit  (SC) 
regmes  were  investigated  (with  open  or  closed  switchers  S,  and  S2,  respectively,  Fig.3).  To  study  the  forward  biased  (FB) 
regime.  Si  should  be  open  and  S2-closed.  As  one  can  see  from  the  data  on  Fig.4,  measurements  of  the  detection  spectra  give 


the  value  of  the  cavity  mode.  (Cavity  mode 
wavelength  can  be  of  course  determined  from 
measurements  of  the  emission  spectra.) 

In  this  experimental  set-up  we  were  able  to 
determine  the  cavity  mode  wavelength  of  double 
fused  structures  with  very  low  light  emission 
efficiency,  with  which  emission  spectra  were 
difficult  to  measure.  We  should  note  that 
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emission  spectra  peaks  always  correspond  to  the 
wavelength  value  of  the  pe^  in  the  detection 
spectra.  This  photocurrent  spectroscopy  of  fused 
VCSEL  structures  can  be  used  as  a  non¬ 
destructive  on-wafer  testing  method  in  device 
fabrication  in  the  same  way  it  is  used  for  short- 
wavelength  VCSELs^®.  Full  width  at  half 
magnitude  (FWHM)  of  response  spectra 
decreases  with  increasing  direct  current.  FWHM 
becomes  as  small  as  1  nm  at  3mA  (Fig.  4d.)  and 
spectral  position  of  the  peak  shifts  to  shorter 
wavelength  values  with  increasing  current . 

Typically,  spectral  response  on  VCSEL 
structures  fi‘om  ^s  batch  is  unstable  and  noisy 
at  current  values  near  threshold  (3.5-4.5  mA).  At 
currents  well  above  threshold  the  spectral 
response  to  the  external  illumination  is  again 
stable  and  can  be  easily  measured  but  the 
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Fig.3.  Schematic  of  the  set-up  used  for  detection  characteristic 
measurements.  Switchers  Si  and  S2  allow  changing  the 
electrical  state  of  the  VCSEL  structure.  For  all  spectral 
measurements  the  value  of  the  resistor  R  is  1000  Ohms. 
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polarity  is  opposite  to  that  at  current  below  3  mA.  More  precisely,  in  OC,  SC  and  FB  regimes,  at  currents  below  threshold, 
the  voltage  at  the  device  contacts  decreases,  while  at  current  values  above  lasing  threshold  the  voltage  at  the  VCSEL 
contacts  increases  under  illumination.  Cavity  mode  at  3  mA  is  blue-shifted  as  compared  to  cavity  mode  at  1  mA  (Fig,  4,d) 
and  with  inf^rasing  ciuTent  above  3  mA  the  cavity  mode  shifts  to  longer  wavelengths  due  to  self  heating. 

In  Fig.5  we  show  a  photosensitivity  spectrum  measured  at  a  fixed  wavelength  of  1527.53  nm  of  the  tunable  laser  and 
1.2Ith  driving  current  in  the  VCSEL  structure.  The  cavity  wavelength  was  tuned  by  increasing  stage  temperature  with  a 
0.05®C  step.  Cavity  mode  shifts  with  temperature  at  a  rate  of  0.12  nm/°C.  Photosensitivity  spectrum  has  a  FWHM  value  of 
0.02  nm  in  this  forward  biased  regime. 


Fig.  4.  Response  spectra  of  the  VCSEL  structure,  a)  in  short  circuit  ( 10  k£2  loaded)  and  forward  biased 
regime  at  4  current  values,  b)  in  forward  biased  regime  at  3  pA-range  current  values,  c)  in  forward  biased 
regime  at  mA-range  current  values,  d)  normalized  response  spectra  in  0.2-3  mA  current  range. 
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DISCUSSION 


VCSEL  structures  represent  in  fact  a  microcavity  optical  filter.  Moreover,  this  filter  has  an  internal  photo-detector  p-n 
junction.  For  a  Fabry-Perot  cavity  with  “hard”  mirrors,  the  FWHM  of  its  transmission  spectrum  is  related  to  the  finesse  F 
and  cavity  length  L  as:  FWHM  -c/(2nLF),  where  c  is  the  speed  of  light  in  vacuum  and  n  is  the  effective  refractive  index  of 
the  cavity.  Finesse  increases  with  mirror  reflectivity  r  as  follows:  F=  7t*(rf^/(l-r).  If  there  are  absorbing  layers  in  the 
cavity,  the  effective  value  of  the  reflectivity  will  be  lower,  hence  FWHM  will  be  higher.  Finesse  of  microcavities  with 
multi-quantum  wells  active  structures  sandwiched  between  multilayer  semiconductor  DBRs  can  be  drastically  improved 

when  introdusing  gain  in  QWs.  Calculation  of  the  F  and 
Cavity  wavelenght,  nm  FWHM  for  such  structures  is  no  more  possible  to  perform  with 

1527.5  1527.54  1527.58  ^  simple  formula,  but  only  numerically,  using  the  transverse 

matrix  method.  We  performed  such  calculations  for  the 
VCSEL  structures  experimentally  investigated  in  this  paper.  It 
is  obvious,  that  FWHM  of  the  transmission  spectra  will 
decrease  with  the  gain  value  in  the  InGaAsP  QWs  as  a  result  of 
increased  finesse  of  the  microresonator.  From  the  calculations 
we  find  out  that  this  is  a  linear  dependence:  at  0  gain  value  in 
QW  calculations  give  FWHM  =0.45  nm.  At  a  gain  value  of 
1500  cm'*  calculations  give  FWHM  =0,  which  is  the  threshold 
condition.  The  fact  that  the  FWHM  values  of  the  spectra  from 
Fig.  4d  are  4  times  higher  than  simulated  ones  may  be  due  to 
the  uncertainty  in  absorption  values  of  the  active  layers  after 
fusion,  as  well  as  the  experimental  errors  in  our  set-up  in 
which  we  used  high  numerical  aperture  (0.5)  lenses.  As  one 
can  see  in  Fig.4,d,  the  responsivity  spectrum  at  1  mA  current  is 
14.1  14.2  14.3  14.4  14.5  the  convolution  of  two  peaks.  Hie  FWHM  of  the  long- 

Temperature,  wavelength  peak  is  about  2  nm,  whereas  at  3  mA  FWHM  of 

full  spectrum  is  Inm.  Extrapolation  to  the  0  value  of  FWHM 
eFig.  5.  Photosensitivity  spectrum  of  the  VCSEL  (threshold  condition)  gives  a  threshold  current  I*  of  5mA 

measured  at  fixed  1527.53  nm  wavelength  of  the  tunable  which  is  in  good  agreement  with  the  measured  value, 

laser  and  6  mA  drive  current  in  VCSEL. 

The  fact  that  VCSEL  structures  can  be  used  to  detect  light 
even  in  the  forward  biased  regime  is  quite  easy  to  imderstand. 
As  long  as  the  current  density  trough  the  active  layers  is  lower  than  lasing  threshold,  external  light  will  be  absorbed  and  the 
total  number  of  the  carriers  in  the  cavity  will  increase.  At  the  current  densities  above  threshold,  external  light  will  induce 
recombination,  hence  carrier  concentration  will  decrease.  In  both  cases  the  modulation  of  the  external  light  will  modulate 
the  voltage  at  VCSEL  contacts  which  is  easy  to  detect  with  lock-in  technique. 

Hie  blue  shift  of  the  detection  spectra  (see  Fig.4,a)  is  a  result  of  cavity  optical  wavelength  tuning  with  driving  current. 
Cavity  mode  wavelength  in  vertical  cavity  microresonators  depends  on  layer  thickness  and  refractive  index.  As  the 
reactive  index  value  decreases  with  increasing  carrier  concentration  and  increses  with  increasing  temperature,  the  blue 
shift  in  the  forward  biased  rgime  means  that  carrier  concentration  in  the  cavity  increases  at  lower  current  densities  without 
sigmficant  heating.  As  carrier  concentration  is  clamped  at  current  densities  above  the  threshold  value,  self-heating  of  the 
cavity  will  shift  the  cavity  mode  to  longer  wavelengths.  Assuming  that  the  active  layer  refractive  index  decreases  by  0.02 
from  its  value  at  10*^  cm'^  which  is  carrier  concentration  of  the  undoped  cavity  material,  to  that  at  8*10*^cm'^  (under 
injection),  the  calculated  cavity  mode  shift  of  2.5  nm  is  obtained,  which  is  in  good  agreement  with  the  measured  value  of  2 
nm. 


SUMMARY 

The  long  wavelength  double  fused  InGaAsP/AlGaAs  vertical  cavity  laser  structures  investigated  here  emit  and  detect 
light  with  a  high  spectral  selectivity  and  may  be  very  useful  as  multifunctional  elements  for  signal  generation  and  detection 
in  WDM  systems.  VCSEL  structures  fabricated  by  localized  fusion  can  detect  light  in  open  circuit,  short  circuit  and  forward 
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biased  (FB)  regimes.  The  wavelength  selectivity  of  the  detection  increases  with  increasing  driving  current  in  FB  regime. 
Detection  spectra  with  FWHM  as  low  as  0.02  nm  were  demonstrated  in  FB  regime  at  current  value  above  threshold. 
Wavelength  timing  of  the  VCSEL  structure  as  a  detector  with  driving  current  was  observed.  A  2  nm  blue  shift  of  cavity 
mode  at  low  current  level  was  measured  and  is  a  result  of  cavity  fill-up  with  carriers.  At  higher  current  densities,  close  to 
threshold  and  above  it,  cavity  mode  red  shifts  due  to  self-heating.  Photocurrent  spectroscopy  of  fused  VCSEL  structures  can 
be  used  as  a  non-destructive  on-wafer  testing  method  in  device  fabrication. 
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ABSTRACT 

This  paper  (fesciibes  the  construction  of  an  high  precision  towers  for  support  an  optoelectronical  detector  during  fobricatiotL 
For  fobrication  of  an  ofrtoelectronical  (fctector  is  necessary  a  special  room  with  a  special  environment.  After  asspimhling  the 
frame  of  detector  must  be  in  plane,  in  range  of  ±  10  pm.  In  this  condition,  we  are  need  special  condition  for  measurement 
the  mechamcal  pieces  and  the  assemblies.  Special  construction  of  detector  request  that  the  towers  must  be  very  precise, 
mechanical  assemblies  that  can  be  replaced  very  easy  will  compose  them.  With  this  restriction  the  towers  are  builds  frorn 
three  parts:  inferior,  intermediary  and  superior. 

Keywords:  high  Fwecision  tower,  precision  tools  for  support 

1.  INTRODUCTION 

Monitoring  drift  tube  (MDT)  chambers  are  main  of  Muon  detector  of  Atlas-collaboration  on  LHC  at  CERN.  For  these 
chambers  assembling  special  tools  with  high  jnecision  are  necessary.  The  important  parts  of  chamber  assembling  system 
are  precision  towers’ . 

The  scope  of  high  precision  tower  during  febrication  is  to  suKX)rt  the  frame  of  future  optoelectronic  detector  for  nhtain  a 
precision  of  ±  10  pm 

Technical  condition  of  detector  asks  for  the  febrication  special  condition  of  environment  and  technology.  This  is  the  reason 
for  that  the  tower  was  design  and  tests  very  carefully.  In  this  way  we  have  a  chamber  with  special  condition  of  environment 
where  we  put  all  the  tools  on  a  precise  granite  table  during  the  procedure  of  assembling  (see  on  Fig.  la,  b,c,d). 

Scientifically  and  technical  cooperation  between  Joint  Institute  of  Nuclear  Research  -  Dubna  -  Russia  and  Institute  of 
C^rtoelectronics  consist  in  design  and  manufacture  this  tower  with  very  high  precision. 

1.1.  Description 

They  are  six  high  pecision  towers  as  is  shown  in  Figs.  2a,  b,  c,  d,  e,  f,  three  fixed  on  the  end  of  cross  plate  and  three 
positioned  on  the  gramte  table  (see  on  Fig.  1).  On  the  reference  side  of  the  {decision  jig,  the  sfdiere  block  pairs  constrain  all 
three  coordinates  (XYZ),  one  or  two  coordinates  (YZ  or  Y)  and  two  coordinates  (YZ),  respectively.  On  the  other  si^  all 
three  sphere  block  pairs  constrain  the  Y  coordinates  only.  This  complies  with  the  rigidity  of  the  MDT  rhamhpr  during 
fobrication:  after  the  addition  of  a  first  layer  of  drift  tubes  the  Z  location  of  the  middle  cross  plate  can  not  be  adjusted 
separately,  which  explain  the  change  from  a  YZ  constraint  to  a  Y  constraint  for  the  corresponding  sphere  block  pair 

The  Y  and  Z  positions  of  the  precision  blocks  with  respect  to  the  granite  table  can  be  ai^usted  to  generate  the  Y  and  Z 
offrets  between  the  various  drift  tube  layers.  These  offsets  apdy  to  all  tubes  in  a  layer  and  therefore  deviations  from  the 
desi^  values  lead  to  a  i^stematic  shift  of  a  complete  layer.  Therefore  the  absolute  Y  and  Z  location  of  aU  spheres  will  be 
monitored  during  chamber  fiibrication. 

For  design  the  components  we  used  the  modem  technique  of  conception  fobrication  and  tests. 
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Fig.  1  a)  View  of  all  tools  on  the  granite  table 


Fig.  1  c)  Side  blocks  layer  2 


Fig.  1  b)  Side  blocks  layer  1 


Fig.  1  d)  Side  blocks  layer  3 


2.  CONSTRUCTION  OF  HIGH  PRECISION  TOWER 

The  optoelectronic  ^tector  is  composed  by  a  frame  and  two  multilayers  of  A1  tubes  glued  on  the  both  sirfe  of  the  frame. 
Three  layers  of  A1  tubes  compose  each  multilayer.  Because  the  intermediary  assembly  gave  the  hi^  to  preasion  tower  we 
use  three  different  intermediary  assembly,  one  assembly  for  each  layer^ . 

By  a  simply  operation  of  screwing  and  unscrewing  we  can  replace  die  intermediary  assembly  with  ^oflier  intermediary 
assembly  and  we  modify  very  easy  the  hi#  of  the  tower.  After  this  operation  the  tolerances  must  remain  in  range  +  10  pm 
and  we  obtain  three  different  fype  of  high  laecision  tower. 

The  hi#  precision  towers  are  composed  by; 

1.  Inferior  Assembly; 

2.  Intermediary  Assembly; 

3.  Surerior  Assembly; 

The  pieces  of  inferior  assembly  are  made  fi-om  stainless  steel  and  hard  aluminum.  The  inferior  assembly  is  composed  by: 

1.  Base  Plate 

2.  Base  Body 

3.  Srqjerior  Base 

4.  Lateral  Support. 

Tolerance  for  ftiis  assembly  is  +  5  pm.  ^  • 

As  we  write  in  the  top  of  paper  we  use  three  fype  of  intermediary  assembly.  During  the  p-ocess  of  fibncation  we  can 
replace  very  easy  one  type  of  intermediary  assembly  with  another  typ  for  obtain  a  new  type  of  precision  tower. 

Intermediary  assembly  is  composed  by: 

1.  Intermedi^  Supwrt 

2.  Shaft. 
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In  intermediaiy  support  we  insert  the  shaft  This  is  one  of  the  very  precise  parts  of  the  tower  Is  made  from  stainless  steel. 
The  tolerances  for  distance  between  holes  are  ±  5  pm. 

Superior  assembly  is  composed  by: 

1.  Suf^rt 

2.  Cover  1 

3.  Cover  2 

4.  Sphere  Support 

5.  Distanced  1 

6.  Distanced  2 

7. BaUs<()20. 

All  the  jneces  of  superior  assembly  except  cover  1  and  cover  2  are  made  by  stainless  steel  Cover  1  and  cover  2  are  made 
from  hard  aluminum.  SjAere  support  can  be  moved  in  2  directioa 

We  have  two  type  of  high  precision  tower.  For  one  typo  of  tower,  positioned  on  left  side  of  the  granite  table,  the  central  part 
can  be  moved  and  blocked  with  two  screw  and  nuts.  For  the  other  type  of  tower  the  central  part  is  free  and  it*s  find  himself 
the  ri^  positioa 

They  are  two  types  of  towers,  because  we  put  all  the  tools  on  the  granite  table,  as  is  show  in  Fig.  1  and  we  use  the  same 
tools  for  fibrication  of  five  type  of  optoelectronic  detectors.  In  this  case,  the  towers  touch  the  tools  on  the  granite  table 
during  f^rication  and  for  this  particular  reason  we  design  two  type  of  tower. 


Fig.  2  a)  Kfigh  precision  tower  left 
side  for  first  layer 


Fig  2  b)  High  precision  tower  left 
side  for  second  layer 
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F^.  2  c)  High  precision  tower  left  side  for  third  layer 


/  '  \ 
I —  I _ 


Rg.  2  d)  High  precision  tower 
left  side  for  first  layer 


Fig.  2  e)  Hi^  precision  tower 
left  side  for  second  layer 


Fig.  2  f)  Hi^  precision  tower 
left  side  for  third  layer 


3.  CONDITION  FOR  MEASUREMENT  OF  THE  HIGH  PRECISION  TOWER 

During  the  research  regarding  the  febrication  of  the  detector  was  find  that  for  obtain  the  technical  characteristics  for  of  the 
detector  the  special  conditions  for  environment: 

Work  temperature:  20  °C  ±  1  °C; 
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Humidity  45±5%; 
Purity  class  “  100000, 


Fig.  3  a)  High  precision  towers  for  first  layer 


Fig.  3  b)  High  precision  towers  for  second  layer 


Fi&.3  c)  High  precision  towers  for  third  layer 
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Ctoly  in  this  conditinn  the  granite  table  is  stabile  and  his  surface  is  a  plane.  Also  for  measurement  and  manufacturing  we 
must  use  special  condition  for  obtain  a  stabilized  tolerances  of  the  mechanical  pieces  for  long  time. 

After  the  manufacturing  of  alt  assembly  we  put  the  entire  high  precision  tower  in  a  clean  chamber  for  1  day.  After  1  day  is 
possible  to  measure  the  assembly  ^ig  3  a,  b,  c).  If  the  dimension  and  ftie  tolerances  are  not  in  range  we  must  manufacturing 
once  the  sj^ere  support. 

For  both  type  of  high  precision  tower  we  have  the  same  {H’ocedure.  Measurement  of  towers  we  can  do  using  a  3D 
measurement  machine. 


4.  CONCLUSIONS 

A  high  precision  tower  was  designed  using  modem  techmques  of  designed  assisted  by  computer.  Also,  for  manufacturing 
was  used  equipment  controlled  by  computer  (N.C.). 

The  towers  are  very  easy  to  maintenance,  and  very  easy  to  use,  to  modify  the  dimenrions. 
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beam  notion) 

Carmen  Liliana  Schiopu ,  Paul  Schiopu* 

University  "^Tolitehnica”,  Department  of  Electronic  Engineering ,  Bucharest^  Romania 

ABSTRACT 

In  this  paper,  the  authors  use  the  launch  model  of  guided  modes  on  a  multimode  optical  fibre,  obtaining  with  computer 
he^  -  impoitant  numeiical  results  ,  which  refer  to  eflSdency  of  exciting  a  desired  (linearly  polarised)  LPoi  mode.  All  the 
theoretical  considerations  are  based  on  the  gaussian  beam  approximation. 

Keywords :  launch  of  the  LPoi  niode  on  a  multimode  fiber  optic,  gaussian  fescicle  model,  coupling  efficiency 

L  INTRODUCTION 

The  efficiency  of  the  injection  of  an  electromagnetic  radiation,  emitted  by  a  source  (laser  diode  or  electroluminescent  diode) , 
in  an  optical  fibre,  represents  one  of  the  main  problems  of  the  telecoimnunication  opticai  ;  the  coupling  is 

determined  by  the  feet  that  the  optical  fibre  accept  any  type  of  radiation  and  a  discrete  number  of  modes  (corresponding  on 
certain  finequencies),  propagation  consfents  and  types  of  polarisation^^^^»^^.  In  the  same  time,  the  differences  between 
magnitudes  of  the  diameter  of  the  incident  fescicle  and  the  fiber  diameter,  radial  shift  between  ftie  two  optical  axes,  distances 
between  the  optical  source  and  the  input  of  the  optical  fibre,  relative  orientation  of  the  incident  fescicle  with  respect  to  the 
optical  fibre  axis,  can  affect  substantially  the  coupling  efficiency^^^. 

2.  THE  EXCITATION  OF  A  LPw  MODE  BY  A  FUNDAMENTAL  GAUSSIAN  FASOCLE 

We  look  over  the  experimental  results  (computer  modelation)  in  the  case  which  we  consider : 

E(r)*>Eo-e3q|-(r/Wo)^]  0) 

where  Wq  is  the  spot  radius,  corresponding  to  the  fimdamental  mode. 

For  many  optical  fibers^  with  variable  profile  of  the  refractive  index,  wq  is  a  little  bit  higher  than  the  core  radius,  its 

magnitude  being  d^endent  on  the  manner  in  which  n-f(r).  It  varies  -  also  -  function  of  the  normalised  frequency,  so  Ae 
WQ-  V product  is  maintained  constant 

Unlike  the  gaussian  fescicle  case,  once  established  wq  value  in  the  transversal  section  of  the  fibre  optic  iii5)ut,  this  value 

ranains  constant  along  Qz  axis  (which  means  the  propagation  direction).  Therefore,  in  Figure  1  is  shown  the  variation 
manner  of  the  coupling  coefficient,  calculated  with  the  following  relation : 

2 
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presented  in  references^'**^*’^;  there  were  taken  into  account  the  concrete  expressions,  similar  to  the  gaussian  dependencies 
ofthe  si  components. 

The  relation  (2)  depends  on  die  spot  radius  of  the  gaussian  fesdcle,  which  source  is  places  at  the  entrance  of  the  fiber.  We 
must  recall  the  fact  that  Wo  is  the  minimum  radius  ofthe  gaussian  fescicle  spot,  in  the  source  origin.  With  “a”  is  denoted  the 
radius  ofthe  optical  fibre  core. 


Fig.  1.  Launching  efficiency  T]  as  a  function  of  the  spot 
size  Wo ,  for  diffierent  values  of  the  normalired  fiequency 
V 

The  graph^’  corresponds  to  the  case  of  a  constant 
refiractive  index  in  the  transversal  section  of  the  fiber 
core. 

We  can  observe  fi'om  Figure  1,  that  an  100% 
efficiency  can  be  obtained  when  the  normalised 
working  firequency  is  very  closed  to  the  firequency 
corresponding  to  the  next  (LPn)  mode.  In  other 
words,  we  must  work  6r  fi*om  the  cut-off 
fundamental  mode  firequency ;  also,  the  radius  ofthe 
gaussian  spot  must  be  very  dose  -  in  value  -  to  the 
optical  fibre  radius. 

We  can  say  that  -  in  a  way  -  the  problem  is  put  from  the  source  point  of  view :  the  working  frequency  and  the  emitted  spot 
magnitude. 

Figure  2  suggests  a  similar  estimation”,  but  from  the  fiber  <^tic  point  of  view.  The  wq/e  rapport  is  -  in  this  case  -  a  relative 
measure  of  the  gaussian  spot  size,  which  is  equivalent  to  the  fundamental  mode  ;  this  rapport  is  dependent  on  the 
normalised  frequency  -  as  shown  also  on  the  graph , 

Fig.  2.  The  launching  efficiency  and  the  relative  spot  size 
wg  /  a  as  functions  of  the  normalized  frequency  V 


It  can  be  observed  that  for  V  =  2,4  the  coupling  efficiency 
is  bigger  than  99,7  %. 

Along  with  the  normalised  frequency  decrease,  the 
coupling  efficiency  decreases  too,  especially  because  of 
the  feet  that  the  gaussian  approximation  is  getting  feither 
from  the  real  stmeture  of  the  interior  field.  Even  so,  for 
V=l,6,T|isbiggerthan  97%. 


IMPORTANT  OBSERVATION  The  coupling  coefficient  is  maximum  when  the  incident  wave  is  identically  with  the 
wanted-mode  one.  Any  deviation  from  this  condition  decreases  the  coupling  efficiency.  The  power  which  is  not  in  wanted 
modes,  will  flow  to  unwanted  modes,  guided  or  radiative.  This  phenomena  represents,  in  feet,  a  loss  of  power. 
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Three  big  sources  of  errors  appear  in  the  case  of  this  model ;  they  were  ncMTiinated  in  introduction  and  are  :  an  axial  shifty 
denoted  in  our  case  (because  it  influences  the  spot  size  of  the  gaussian  fascicle  emitted  by  die  source  and  “seen’*  at  the 

fiber  input)  ,  a  radial  shift  (between  the  two  optical  axes  :  fescicle  and  fibre)  ,  denoted  with  "d"  and  an  faulty  angle 
between  the  two  optical  axes  (denoted  with  "9").  It  appears  -  also  -  the  corresponding  case  to  the  situation  when  the  sizes  of 
the  two  spots  (wq  and  wq)  do  not  coincide. 


2.1.  The  case  wq  9^  WQC'uninafching**  between  the  two  spots  sizes) 

This  case  corresponds  to  an  '•amplitude  unmatchings”  ,  and  appears 
when  the  incident  wave  and  the  excited  one  have  dififerent  araphtudes 
in  the  transversal  contact  section :  optical  fibre  -  source ;  see  Figure  3. 

Fig.  3.  The  geometry  of  the  problem 
Figures  4a.  and  4.b.  represents  the  coupling  coefficient  value : 


fiinction  of  the  magnitude  rapport  between  the  two  spots. 


11  = 


/  \2 

2WoWg  i 


VWo+Woy 


(3) 


Fig.  4.3.  The  general 
dependency  of  the  coupling 
coefficient  as  function  of  the 
two  spots  sizes. 


Fig.  4.b.  The  dependency  of  the 
coupling  coefficient  as  function 
of  the  two  spots  sizes  (detail). 


We  can  see,  frcMn  Figures  4a.  and  4b.  that ,  if  the  sizes  of  the  two  spots  are  equal,  then  the  coupling  efficiency  is  100%.  A 
15%  percent  “unmatching”  between  the  two  radii  leads  to  a  0,1  dB  approximate  loss. 
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2.2.  The  case  of  a  radial  shift  between  the  two  optical  axes  ^  0) 

The  treatment  of  diis  error  source  uses,  as  a  primary  hypoliiesis,  the  condition  that  aH  the  others  ideal  conditions  are  fiilfDled 
It  must  be  mentioned  that  -  also  -  this  case  corresponds  to  an  “amplitude  unmatchings”  (see  Figure  5). 


Fig.  5.  The  geometry  of  this  case 


When  between  the  two  optical  axes  there  is  a  radial  shift ,  we  can  compute  the  coupling 
coefficient  /  the  launching  loss  in  decibels ,  using  the  formula*'  : 


Ti  =  exp[-(d/wo)^]  or  a=-10-logii=4^2.(d/ 


(4) 


Fig.  6.  The  efficiency  of  lannching  for  atiansversal  offset  equal  with 


It  can  be  observed  -  from  Figure  6  -  that  for  a  radial  shift  equal  to  the  magnitude  of  the  optical  fiber  own  spot  (wq)  ,  the 
coupling  efficiency  decreases  at  37%,  which  leads  to  4,34  dB  coupling  losses. 

For  losses  smaller  than  0,1  dB  it  is  necessary  that  d  ^  0,15  wq  ,  which  is  a  condition  hard  to  fulfil  (wq  =  5  pm  implies 
d<0,8pm). 

2.3.  Axhd  shift  case  (3 


Fig.  7.  Thfigeometry  of  the  problem 


In  this  case  (also  an  “amplitude  unmatching^  )  ,  the  minimum  size  of  the 
source  spot  (wq)  corresponds  to  a  z  =  -z^  co-ordinate;  so,  between  the 


source  and  the  fiber  entrance  it  most  be  the  respective  distance.  Due  to  ttie 
fescicle  divergence  phenomenon ,  it  appears  -  at  the  same  time  with  the  spot  size  modification  -  a  curvature  of  the  wave 
surfaces.  Also,  it  appears  -  like  an  influence  element  -  The  Rayle^  spreading  distance^^  so  the  relation  which  expresses  the 
coupling  efficiency  becomes : 
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From  Figure  8  we  can  easy  see  liiat,  if  =  zr  ,  flie  coiq>]ing  losses  reach  1  dB.  For  losses  smaller  than  0,1  dB  it  is 
necessary  that ;  0,3-Zj[ 

A  numoical  example  shows  that ,  for  X=l,3pm,  WQ  =  5pm  and  zg^ =60  pm  results  z^<  18  pm,  which  is  a  reasonable 
value,  easy  to  fulfil. 

2.4.  The  case  of  the  hiulfy  angle  betwera  the  two  4qitical  axes  (B  6  0) 

Fig.  9.  Launching  efficiency  for  an  angular  offset  “0“ 

The  corresponding  coupling  efifidency  is,  in  this  situation ; 

il  =  ejq)j-(e/ej)^J  or  a  =  -10-l(^'n  =  4,34-(e/ej)^ 

(6) 

where  6^  is  the  diveigence  angle,  defined  by  the 
corresponding  relation  from  reference*^. 

0  0.5  1  1.5  2  2.5  3 

The  graph  dependence  for  fliis  last  case  of  an  “amplitude  unmatching”  is  shown  in  Figure  9.  We  can  observe  that  to  ensure 
losses  smaller  than  0,1  dB ,  it  is  necessary  that  the  fiiulty  angle  be  smaller  than  0,1 5-0(|. 

A  numerical  case  shows  us  that,  if  X  =  1,3  pm,  flie  divergence  angle  is  0^=4,7®  ;  it  results  that  0  must  be  smaller  than  0,7®, 
which  is  a  difficult  condition. 


3.  CONCLUSIONS 

The  simultaneous  attendance  of  aH  these  error  sources  is  treated  in  this  way  -  in  specialised  literature  -  only  in  the  case  of  the 
coupling  between  two  optical  fibers . 

The  conesponding  model  of  this  coupling  type  retakes  and  uses  a  big  part  of  the  notions  included  in  flie  reference'*  - 
especially  flie  elements  which  are  related  to  the  gaussian  frscicle  type  of  approximation .  It  also  devdir^  fiiem. 

Besides,  this  is  the  main  reason  for  which  the  iiqmt  coupling  was  studied  in  detail,  using  all  the  models  present  in  the 
specialised  literature.  All  fee  fundamental  theoretical  notions  -  which  helped  us  studying  also  other  possible  types  of 
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coiqjlings  (optical  fibre  -  optical  detector  or  optical  fibre  -  optical  fibre)  -  are  found  when  malting  an  analyse  like  the  one 
made  in  this  paper. 

Also,  it  is  impnrfant  to  mention  other  sources  of  input  errors,  unstudied  in  this  article.  These  sources  can  be : 

•  "phase  unmatchings"  ,  when  the  phase  distribution  is  different-  on  some  elementary  areas  -which  drives  us  to  the 
conclusion  tiiat  fire  scalar  product  can  be  smaller  than  flie  one  in  fire  ideal  case  (even  zero) ; 

•  "polarisation  unmatchings",  when  the  directions  of  the  vectors  of  the  electric  fields  (incident  and  corresponding  to  the 
wanted  mode)  are  not  the  same. 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 
11. 
12. 

13. 

14. 

15. 

16. 


SELECTIVE  REFERENCES 

M.J.  Adams,  An  Introduction  to  Optical  Waveguides,  Wiley  &  Sons,  Chichester,  New  York,  1981 

A.  Anltiewicz  and  G.D.  Peng,  "Generalized  Gaussian  Approximation  For  Singje-Mode  Fibers",  J  Lightwave  Tech., 

10,  pp.  22  -  27, 1992 

M.K.  Bamoski  (cd.).  Fundamentals  of  Opticci Fiber  Communications,  2-nd  ed..  Academic  Press,  New  York,  1981 
G.  and  A.  Orfei,  "E&cussion  on  the  effective  cut-off  wavelengfli  of  the  LPjj  -  mode  in  sin^e-mode 

optical  fibers".  Opt.  Commun.,  55,  pp.  311-315, 1985 

P.K.  Cheo,  Fiber  Optics  and  Optoelectronies,  2nd  ed.,  Prentice  Hall,  London,  1990 

R.G.  Hun^erger,  Integrated  Optics  :  Theory  and  Technology,  2nd  ed..  Springer  Series  in  Optical  Sciences,  33, 
Berlin,  1984 

G.  Kennedy  and  B.  Davis,  Electronic  Communication  Systems  ,  4-lh  ed.,  Macmillan/Mc  Qraw-Hill,  Lake  Forest, 
1993 

R. L.  Lachance  and  PA.  BelangCT,  "Modes  in  Divergent  Parabolic  Graded-Index  Optical  Fibers",  J.  Lightwave  Tech., 
9,  no.  1 1,  pp.  1425  - 1430, 1991 

S. E.  Millet ,  A.G.  Chynowelh,  Optical fiber  tdecommunications.  Academic  Press,  New  York,  1979 
J.E.  Midwinter,  Optical  fibers  for  transmission,  John  Wiley  &  Sons,  New  York,  1979 

D.  Marcuse,  Light  Transmission  Cities,  2nd  ed..  Van  Reinhold,  New  Yorir,  1982 

A.W.  Snyder,  “WeaMy  guiding  optical  fibers”,  J.  Cjpr. -Soc.  ^.,  70,  pp.  405  -  41 1 , 1980 

A.  Rhanna ,  S.J.  Halme  and  M.M.  Butusov,  Optical  Fiber  Systems  and  Their  Components,  S|Hinger,  Berlin,  1981 

C.L.  Schiopu,  “Efidenta  cuplajiihii  sursa  -  fibra  optica.  Modd  clasic-optica  geometrica”.  Poster  la  Conferinta 

Internationa  de  Semiconductoare  (CAS.),  Sinaia,  octombrie  1995, 1995 

C.L.  Schiopu  and  P.  Schiopu,  “The  Launch  of  the  Guided  Modes  on  an  Optical  Fibre  -  A  Model  Based  on  Gaussian 
Fasdcle  Notion”,  1999 

T.  Tamir  (ed),  “Integrated  Optics”,  Topics  mJppliedPlQ>sies,  7,  Springer,  Berlin,  1975 


183 


Launch  of  guided  modes  on  an  optical  fibre  -  A  model  based  on 

gaussian  beam  notion 

Caimeti  Liliana  Schiopu ,  Paul  Schiopu* 

University  “Politehnica”,  Depailmrat  of  Electnxiic  Engineering ,  Bucharest,  Romania 


ABSTRACT 

In  this  p^er,  the  authors  intend  to  present  and  analyse  the  gaussian  model,  frequendy  used  v^en  we  want  to  control  die 
coi^iling  between  an  optical  source  and  a  mutimode  fiber  optic.  Based  on  this  model,  is  determined  the  coiqiling  coefficient 
in  case  of  injecting  radiation  coming  fi^om  a  coherent  source,  analysing  the  effect  of  different  fectoK  over  the  efficiency  of 
this  coupling. 

Keywords :  launch  of  modes  on  a  multimode  optical  fiber ,  gaussian  beam  model,  coupling  efficiency 

1.  INTRODUCTION 

The  gaussian  beams  are  -  mathematically  speaking  -  approximate  sohitions  of  Maxwell’s  equations,  valid  when  the  beam 
diameter  at  the  origin  (in  the  point  where  the  source  is  placed)  is  bigger  tiien  the  emitted  radiation  wavelength  (so  the  idea  of 
a  punctifbrm  source  is  no  longer  valid). 

Observation :  The  fundamental  gaussian  beam  is  similar  -mth  -what  is  emitted  on  die  other  side  of  the  opticed fibre  which 
works  on  fundamental  mode  (LPot)- 


2.  CHARACTERISTICS  OF  A  GAUSSIAN  BEAM 


The  gaussian  beam  model  corresponds  to  the  electric  field  intensity  expression  : 

I,(r,z)  =  E^(0,0) 


w^z) 


W(2) 


-jkz+je(z)-jk- 
e  2R(z) 


(1) 


where  k — k^n  .  (0,0)  =  Eq  can  be  real,  choogng  a  convenable  reference  on  the  time  scale. 

-2 


W  2/'  ’ 

^  ^0  ~Z71<  ^  ^  is  a  real  value,  which  e^qjresses  the  spatial  dependencyof  the  beam  amplitude; 


w(z) 

>-kz+9(z)-k-— ^  ^  is  the  beam  phase. 


Fig.  1.  Distribution  of  the  normalised  beam  intensity  in  transversal 
plane. 

The  function  w(z)  represents  a  way  to  measure  flie  beam 
dimension  in  transversal  section.  It  allows  us  to  estimate  the 
^t  size,  the  diameter  being  2w(z)  (because  of  the  symmetry 
towards  the  Qz  axes). 

Due  to  the  fact  that  while  the  beam  is  propagated,  it  will  also 
spread,  the  spot  size  (visualised  transversally)  depends  on  z 
point  from  the  propagation  axis. 
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The  relation,  fiuiction  of  the  radius,  has  ttie  form  : 


w(z)  =  Wo 


(2) 


where  Wo  represents  the  minimum  radius  of  tiie  spot  m  origin  (m  2f=0  plane). 

The  Rayleigh  (scattaing)  distance  is  =  imw  o  /  ^  • 

is  the  wavelength  of  a  plane  wave,  which  has  the  same  fiequency  as  the  beam’s  (emitted  by  a  gaussian  source) . 


At  2j.  (beam  radius)  distance,  w(zb)  is  ^  times  bigger  than  the  origin  radius  Wq.  When  the  distance  to  source  is  much 
bi^er  tiian  Rayleigh  distance,  we  use  the  following  relation : 

wqH  M  “k 

w(z)  = - = -  (3) 


7mw<i 


Fig.  2.  The  variation  of  the  spot  size,  function  of  z. 


In  the  specialised  literature*''*,  when  the  discussion  takes  place 
in  a  point  of  co-ordinates  z  <:  ,  the  used  term  is  “near 

field”  ;  for  z  »z^  we  are  in  the  situation  of  “far  fidd”  .  We 

observe,  fixim  Figure  2,  the  feet  that  we  can  define  a 
diveigence  angle  of  the  beam,  expressed  by : 


^d  = 


w(z) 


H  OTlWo 


(4) 


From  this  rdation  we  observe  that  the  spot  divergence  is  proportionaly  reverse  with  its  radius  to  source.  In  other  words, 
when  the  spot  size  at  the  origin  (to  source)  is  much  tagger  than  the  wavelength,  the  beam  divergence  is  reduced  ; 

(Figure  3) ;  when  the  spot  size  in  z=0  plane  is  low,  the  beam  divergence  is  more  emphasised  (Figure  4). 


Fig.  3.  Beam  with  a  reduced  divergence  Fig.  4.  Beam  with  big  divergence 

We  underline  Ae  important  fact  that  aU  Ae  gaussian  beam  theory  doesn*t  r^ard  Ae  case  from  Figure  4  (so  it  is  not 
appUed  to  beams  wiA  big  divergent^. 

The  relations  shown  before  can  be  used  to  estimate  also  other  aspects,  related  to  the  spatial  dependency  of  the  gaussian 
beam  amplitude  and  phase. 

Regarding  the  amplitude ,  because : 


E,(r,z)  =  Eo 


w. 


w(z) 


^E,(0,z)  =  Eo-/-  =  Eo 
a)  w(z) 


1+ 


Zr 


-in 
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we  are  abk  to  say  that  Eo  is  the  x  -  component  amplitude  of  the  electiic  field  in  the  plane  of  origins,  when  the  distance  (wifti 
respect)  to  Oz  axis  is  zero  (r=0).  Because  it  is  supposed  that  the  ambience  is  without  losses,  the  power  which  comes  from  ttie 
source  will  not  be  modified.  It  appears  an  "increase  /  extension^^  of  the  spot  which  leads  to  the  conclusion  that  Eo 
rq)resents  in  &ct  >  file  biggest  amplitude  of  E,  field  component ;  while  the  beam  is  propagated,  the  amplitude  of  its  field 
(related  to  r=0  transversal  co-ordinate)  will  decrease. 


Fig.  S.  The  amplitude  field  decreasing. 

The  Figure  5  shows  the  way  in  which  fliis  decreasing  is 
produced.  At  Rayld^  distance  from  the  source,  the  electric 
field  componenf  s  amplitude  will  represent  0,707  from  the 
entire  value  in  origin.  At  big  z  distances  from  the  source  ,  file 
amplitude  becomes  proportionaly  reversed  with  z,  and  the 
intensity  decreases  proportionaly  reversed  with  z^  (these 
approximations  are  the  conditions  in  wfaidi  we  discuss  the 
properties  of  the  field  when  it  is  emitted  to  a  big  distance  from 
antennas). 


The  spatial  dependency  of  the  phase  is : 

<t>,(r,z)  =  -kz+0(z)-k -  => 

2R(z) 

<t>3((0,z)=-kz+e(z)  ,  k  =  osn^Sofio  =n— 

c 


(6.a) 

(6.b) 


where  6(z)  is  interpreted  as  being  the  phase  difieience  between  the  gaussian  beam  and  a  uniform  plane  wave,  encomixig 
from  the  same  source.  It  is  used  the  approximation : 


results  that  for  z  =  ct  (in  transversal  section)  file  phase  decreases  reverse  proportionaly  with  the  square  of  the  r  distance  from 
Qz  axis.  So,  the  wave  front  is  a  spherical  surface  with  the  curvature  radius  given  by  R(z)  function,  from  the  last  denominator 
term. 

It  is  shown  (in  references^»^»^^^)  that  in  origin  the  curvature  is  zero,  which  means  that  the  wave  front  is  plane.  For  positive 
values  of  R(z),  the  curvature  centre  is  behind  the  wave  front,  which  means  that  the  beam  is  spreaded.  For  negative  values  of 
R(z),  the  curvature  centre  is  placed  before  the  wave  front  and  the  beam  becomes  titter  (this  behaviour  of  gaussian  beam  is 
applied  specially  to  lenses).  Figure  6  shows  the  general  aspect  of  a  gaussian  field  in  longitudinal  section  (without  many 
details). 

Observation.  Because  the  wavelength  is  defined  as  the  distance  between  two  surfaces  of  the  same  phase  and,  in  case  of 
gaussian  beam,  the  distance  between  these  surfaces  of  phase  is  variable  Jrom  point  to  point,  results  that  the  wavelength 
has  different  values,  being  a  local  (punctual)  dimension. 
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Fig.  6.  The  geneid  aqtect  of  a  gaossian  field  in  longitudinal  section. 


Between  the  electric  and  magnetic  field  components  is  the  relation ; 


H  (r,z)  =  n-^- - 

Zo 


where  Zq  =  =  377  Q  is  the  free  ^ce  impedance. 

So,  we  can  compute  the  longitudinal  component  of  Poynting  vector  (for  which  all  that  matters  is  the  product  between 
electrical  and  magnetical  transversal  components  of  the  fidd) ; 


imlEl 


S,(r,z)  =  -^^P^  e  (10) 

2w^z)Zo 

The  power  emitted  firom  the  source  (as  gaussian  beam)  is  obtained  if  we  integrate  the  power  density  (m  z  =  ct  plane)  on 
transversal  section : 


p  =  =|5L=is.(0.z).A.(z) 
4Z„  2 


where,  as  we  see: 


Sj(0,z)  istheintensityofthe  beam  in  transverse  section,  for  r  =  0(onOzsymmetryaxis) 
Ai,(z)=itw*(z)  is  the  area  of  the  beam  in  transverse  section. 

The  power  transmitted  is  half  of  the  multiplication  between  the  beam  intensity  on  the  propagating  axis  and  the  spot  area  in 
that  point.  We  can  observe  that  fliis  manner  of  defining  has  a  general  cl^racteristic  (is  not  dependent  on  z  co-ordinate). 

If  we  integrate  foe  power  density  ejqiressed  by  foe  longitudinal  component  of  Poynting  vector  on  a  circular  area  of  r  radius, 
we  obtain  foe  spedfic  power : 


p(r)  =  p.  l-e  =>r=w(z)  implies  P(w)  =  0,86-P 


which  means  that  on  foe  circular  surface  of  [2w(z)]  spot  is  concentrated  0,86  %  from  foe  total  power. 
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3.  THE  SELECTIVE  LAUNCH  OF  GUIDED  MODES  AND  THE  CALCULATION  OF  THE 
COUPLING  COEFFICIENT  (GAUSSIAN  MODEL) 

Especially  on  monomode  fibres  for  which  the  radius  (the  diameter)  has  very  small  values,  and  for  which  -  to  enlarge  file 
ftequen^  band  -  is  imposed  the  supplementary  request  that  the  difference  between  fire  two  refiaction  indexes  [in  feet 

NA  =  -Jnf  -n|  be  very  small,  the  problem  related  to  optical  flux  injection  doesn’t  obey  anymore  (and  do  not  allow) 
file  modelation  given  by  file  geometric  optics. 

Hie  model  used  comes  from  file  recognition  of  these  initial  conditions^ ; 

•  is  considered  tiiat  the  optical  beam  used  to  inject  the  wanted  mode  (/s)  is  a  gaussian  beam  (its  properties  were  discussed  in 
file  previous  paragraph) ; 

•  nj  sn2(NA->^0)  is  admitted; 

•  in  a  first  stage,  the  losses  made  by  Fresnel  reflections  at  optical  fibre  iiqmt  are  ne^ected  ; 

•  we  look  for  preferential  excitation  of  LPoi  mode  (HE„  respectivdy),  eventually  for  LP„  mode  (TEoi,TMoi,TE2i ,  which 
simultaneous  presence  produce  a  field  resultant  with  a  linear  polarisation) ; 

•  the  coupling  efficiency  between  the  source  and  optical  fibre  is  discussed  for  coherent  and  also  for  noncoherent  sources. 

It  is  accepted  -  as  a  first  observation  •  file  feet  that  in  an  optical  wave  dielectric  guide,  it  doesn’t  appear  (fiieoretically) 
coiqiling  between  modes.  Therefore,  if  on  an  ideal  optical  fibre  which  can  support  -  d^endent  on  file  frequency  of  the 
incident  radiation  -  LPoi  and  LPn  mode,  we  need  to  excite  only  the  fundamental  mode,  we  assume  that  file  power  won’t 
pass  from  this  mode  to  other  modes,  bi  reality,  because  of  the  working  conditions  (fibre  curvature)  and  because  of 
technologies  impurities,  discontinuities)  there  always  will  exist  unwanted  couplings  in  optical  fibre  gnififtrt  modes. 

Calculating  the  coupling  efficiency,  oiw  must  use  file  properly  of  the  orthogonality  of  modes.  It  is  proved  fiiat  aD  the  modes 
(guided  ot  radiative)  are  orthogonal.  Because  of  this  orthogonality,  the  total  transmitted  power  through  an  optical  fibre  is 
always  file  summation  of  transmitted  power  on  each  mode. 

In  the  particular  case  of  injecting  a  radiation  encoming  from  a  coherent  source,  the  problem  is  solved  in  Figure  7. 

We  admit  the  hypothesis  that  the  middle  of  optical  fibre  is  covered  with  a  protective  material  which  tends  to  infinite,  having 
the  refiaction  index  equal  with  the  ambience  medium  refraction  index  (n=l). 

The  gaussian  beam  is  incident  on  transversal  (marginal)  section  of  optical  fibre  in  z = 0  co-ordinate  point 


L  F.O.  CORE 

1 

GAUSSIAN 

Tw  ° 

_] _ 

_  D>1 

- z 

BEAM 

2w 

i 

i 

i 

2a 

tlsl 

Z: 

=0  n=1 

Fig.  7.  The  geometrical  configuration  of  a 
gaussian  beam  iiQection ,  in  an  optical  fiber. 


It  is  set  the  problem  of  LPoi  or  LPn  mode 
excitation  in  an  optical  fiber. 

Hie  inddent  wave  is  given  by  the  field 
complex  vectors  Ej  and  Hj . 


_  _  The  electromagnetic  field  produced  in 

fibre  is  individualised  through  E  and  H  components  (of  LP,„  guided  mode ;  in  that  particular  case  1 = 0, 1  and  m  =1) ; 

also,  it  appeam  simultaneously  unwanted  /  residual  field  components,  correspmiditig  to  radiative  or  ofiier  guided  modes. 

If  it  is  desirable  fliat  the  fibre  works  on  LPij,  mode,  then  the  coupling  efficiency  is  given  by : 


Pi 


(a  =  -10 1<^) 


(13) 
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where  Pjjn  is  the  wanted  power  mode,  and  Pj  is  tiie  total  power  of  the  incident  wave. 

The  total  field  on  ttie  fibre  input  can  be  expressed  as  a  vectorial  sum  of  all  the  corresponding  wanted  modes  and  of  all 
residual  (amplitude  coefficients,  respectively  each  contribution  of  the  vectorial  component  laving  unknown  values). 
Mathematically  speaking,  the  initial  field  is  expressed  in  corresponding  terms  of  guided  and  unguided  modes,  vdiich  form  a 
set  of  orftiogonal  fimctions. 

Then,  from  Electromagnetics,  it  is  retained  and  applied  the  condition  of  continuity  for  the  field  components  at  the  surfece  of 
sq>aiation  between  the  two  mediums,  wduch  allows  us  to  specify  the  values  for  some  of  unknown  amplitude  coefficients, 
corresponding  of  guided  modes. 

For  radiative  modes  we  apply  the  continuity  condition  and  -  also  -  the  observation  regarding  the  orthogonality  of  modes  (we 
don’t  take  into  account  their  nature). 

OBSERVATION.  The  ma^ematiced  procedure  consists  -  in  fact  -  in  determining  the  coefficients  of  the  Fourier  series, 
using  die  “sine"  and  “cosine”  orthogonality  property  of  these  junctions. 

After  we  have  found  the  amplitudes  of  the  vectorial  field  components,  corresponding  to  LPoi  (LPu)  wanted  mode  ,  we  can 
compute  ttie  coupling  coefficient  given  by  the  relation  (1),  using  the  next  formula : 


vdiere : 


J(EjXH*^)dA 

Aeo 

2 

Re 

J(EiXH*)dA 

>Aco 

Aoo 

Re 


{(EjxH^dA 


is  the  power  of  flie  incident  wave ; 


(14) 


(15.a) 


|(E|^xH^)dA  is  the  power  of  the  guided  wave;  (15.b) 

Ao» 

because  and  are  in  phase,  is  no  longer  necessary  to  specify  the  frict  that  it  is  considered  only  the  real  part  of  the 
mixt  product 

- * 

In  the  integral  /(IjXHj^ldA  from  nominator,  |j  represents  the  local  value  of  ftie  incident  field  and  Uy, 

K. 

corresponds  to  the  excited  wave  in  z = 0  coiqpling  plane. 


From  the  law  of  the  energy  conservation  results  that  the  power  which  corresponds  to  exerted  mode  cannot  exceed  the  value 
of  the  power  transmitted  by  incident  wave. 

The  maximum  value  of  the  coupling  coefficient  is  ti  =  1.  This  value  (which  corresponds  to  the  optimum  coupling)  leads,  as 
we  saw  in  ftie  jnevious  rdation,  to  conditions ; 

Therefore,  we  can  assure  an  optimum  coupling  only  when  the  incident  wave  is  identical  (in  totality  ;  as  amplitude,  phase, 
polarisation  state)  with  fire  one  correspondmg  to  the  wanted  mode. 

Relation  (14)  can  be  written  in  a  simpler  form,  if : 
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•  the  arbitrary  amplitudes  of  the  incident  wave  and  of  the  guided  wave  are  chosen  in  such  a  way  that  flie  two  integrals  -  from 
the  denominator  of  the  relation  (14)  -  are  equal  with  the  unity.  The  field  distributions  of  the  waves  are  considered  to  be 
normalised; 

•  in  file  integral  from  nominator  we  take  into  account  only  the  projections  of  the  field  components  in  a  transversal  plane 

[property  of  the  scalar  product  (Ij  x  H*^  )  -dA  ] :  that  means  |  ,  H  ,  E  (paralld  with  zM)  plane  )  .  More 

than  thatit  is  taken  into  account  the  ^t  that  between  the  electric  and  the  magnetic  field  there  are  passing  relations, 
depending  on  the  wave  impedance  of  the  medium. 

4.  CONCLUSIONS 


The  simplified  result  for  coupling  coefficient  is  : 


Tt  = 


Hi 


^0  A 
"at 


J  ?it  ‘?lint 


dA 


(17) 


This  expression  has  file  meaning :  each  element  of  “dA”  area  from  the  transversal  surfece  of  the  optical  fibre  generates  an 

elementary  magnetic  flux,  proportional  with  the  scalar  product :  iji  The  total  amplitude  is  the  sum  of  the  complex 
contributions  of  aH  the  elementary  areas ;  in  these  conditions,  the  coupling  coefficient  is  proportional  with  square  of  the  total 
amplitude  module. 

As  it  was  shown  before,  the  coupling  coefficient  is  maximum  when  file  incident  wave  is  identically  wifti  the  wanted-mode 
one.  Any  deviation  from  this  condition  decreases  the  coupling  efficiency.  The  power  which  is  not  in  wanted  modes,  wfll 
flow  to  unwanted  modes,  guided  or  radiative.  This  phenomena  represents,  in  feet,  a  loss  of  power. 

OBSERVATION.  Also,  passing  from  the  ideal  case  (without  Fresnel  r^ections  at  the  surface  of  separation  between  the 
two  mediums)  to  the  real  case,  we  must  have  in  mind  the  relation  -  with  general  character  -  —  (I’T)’  V  , where  T  is 

the  reflection  coeffleierU. 
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Power-related  frequency  shift  determinations  of  an 
Iodine-stabilized  He-Ne  laser  at  633  nm  wavelength  by 
using  a  master-slave  laser  system 
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ABSTRACT 

The  experimental  results  of  the  power-related  frequency  shift  of  an  iodine-stabilized  He-Ne  laser  with  two  methods  of 
power  variation:  micalignment  of  the  laser  cavity  and  change  of  the  polarization  orientation  between  iodine  cell  and  gain 
tube  are  reported.  A  small-power  internal-mirror  He-Ne  laser  PLL  offset-locked  to  an  iodine-stabilized  He-Ne  laser  was 
used  as  the  reference  laser.  The  data  were  processed  following  three  methods:  the  standard  matrix  method,  the  diagonal 
(line-by-line)  method  and  the  reference  line  method.  All  three  methods  gave  compatible  results,  but  the  diagonal  method 
is  taking  advantage  of  collecting  fewer  data  and  being  faster.  Significant  differences  appeared  among  values  of  power- 
related  frequency  shifts,  if  the  method  of  power  variation  was  different,  no  matter  the  group  of  hfs  components  or  method 
of  data  processing  under  consideration.  For  the  same  group  of  hfs  components,  deviations  of  less  than  1  kHz  may  exist 
between  frequency  shifts  computed  by  using  the  above  mentioned  methods  of  data  processing,  while  the  deviations 
between  the  frequency  shifts  calculated  at  the  same  power  level  do  not  exceed  2  kHz.  This  is  regardless  of  groups  of  hfs 
components.  By  contrary,  differences  up  to  about  14  kHz  for  a  given  group  of  hfs  components  were  observed  if  the  method 
used  to  get  the  power  variation  was  different  (no  matter  the  method  used  for  data  processing). 

Keywords:  He-Ne  lasers,  frequency  stabilization,  fiequency  comparison,  length  primary  etalon,  metrology 

1.  INTRODUCTION 

In  1992,  the  Comite  Tntpmafinnal  des  Poids  et  Mesures  (CIPM)  adopted  a  revision  of  the  1983  mise  en  pratique  of  the 
definition  of  the  meter,  the  main  change  being  a  decrease  of  about  one  order  of  magnitude  in  the  standard  uncertainties 
associated  with  the  frequencies  of  the  recommended  wavelengths  and  a  new  list  of  recommended  radiations  was 
released  V  The  consistency  of  these  new  decisions  were  verified  through  a  series  of  laser  comparisons  throughout  the 
world  (see  for  example  those  carried  out  during  three  consecutive  years  -  from  1993  to  1995  -  with  participation  of  the 
BIPM  lasers^). 

Among  the  radiations  included  in  the  new  list  for  the  practical  realization  of  the  metre  -  known  as  Recommendation  3  (Cl- 
92)  ,  the  most  popular  is  that  corresponding  to  a  He-Ne  laser  stabilized  by  saturated  absorption  in  an  intracavity  cell  filled 
with  ,  using  third  derivative  detection  technique^’*^  at  wavelength  633  run.  The  reproducibility  of  these  devices  is 
usually  much  better  than  2.5  parts  in  10  if  operating  conditions  tighter  than  those  presently  recommended  are  used 
(we  refer  to  the  nominal  values  of  the  modulation  amplitude,  the  iodine  cold  finger  and  cell  wall  temperature  and  the  one¬ 
way  intracavity  laser  power). 

One  aim  of  this  experimental  work  was  to  prove  that  using  different  methods  to  process  the  experimental  data  ^ves 
compatible  results  and,  taking  into  account  this  conclusion,  to  promote  the  idea  of  direct  line-by-line  detenmnations. 
Another  aim  was  to  compare  the  values  of  the  power  coefficient  resulting  from  a  linear  fit  on  the  experimental  data  in  case 
of  Hifff:rp:nt  groups  of  Components  and  methods  of  data  processing  in  an  attempt  to  explain  the  deviations  of  the  frequency 
difference  determinations  appearing  when  different  groups  of  components  are  used  for  computations. 
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2.  EXPERIMENTAL  WORK 


The  frequency  shift  due  to  the  intracavity  power  variation  of  the  laser  under  study  was  regarded  as  an  essential 
determination  while  the  other  operation  parameters  mentioned  above  were  kept  at  nominal  values.  The  variation  of  the 
output  power  was  realized  1^  two  methods:  rotation  of  the  relative  polarization  orientation  between  the  gain  tube  and 
iodine  absorption  cell  or  by  tilting  the  front  mirror  of  the  laser  cavity.  Three  different  methods  for  data  reduction  were 
used  in  order  to  compute  the  frequency  differences:  standard  matrix  measurement,  direct  line-by-line  or  diagonal 
measurement  and  complete  matrix  measurement.  The  ex^jerimental  work  was  carried  out  at  the  National  Research 
Laboratory  of  Metrology  (NRLM),  Tsukuba,  Japan  during  Oct.-Dec.,  1997. 

2  J  The  experimental  setup 

All  measurements  regarding  the  frequency  comparison  were  made  by  beat-frequency  technique  which  provides  a  very 
sensitive  means  of  checking  the  behaviour  of  the  stabilized  lasers.  The  radiation  coming  from  a  small-power  internal- 
mirror  He-Ne  laser  NRLM/FOl  (the  reference  laser)  that  was  PLL  offset  locked  to  the  iodine-stabilized  He-Ne  laser 
NRLh^l  (the  master  laser)^  and  the  radiation  coming  from  an  iodine-stabilized  He-Ne  laser  NRLM/N4  (the  laser  under 
stucfy)  were  optically  mixed  on  the  surface  of  an  avalanche  photodiode  after  being  mixed  on  the  surface  of  a  beam  divider 
(see  the  experimental  setup  presented  in  Figure  1).  Different  optical  components  (plane  mirrors,  beam  dividers,  neutral 
variable  filters,  quarter-wave  plates)  were  used  to  get  the  optical  beats. 


Fig.  1.  The  set-up  used  for  frequency  difference  measurements.  APD  -  avalanche  photodiode;  BS  -  beam  divider,  QWP  -  quarter-wave 
plate;  VF  -  neutral  variable  filter,  M  -  mirror ;  PLL  OFEC  -  PLL  offset  frequency  electronic  controller;  FC  -  frequency  counter,  FA  - 

frequency  analyser. 

For  the  best  frequency  reproducibility,  the  modulation  amplitude  and  the  iodine  temperature  were  strictly  checked  on  both 
He-Ne/iodine  stabilized  lasers  as  to  be  at  the  nominal  values  specified  by  the  CIPM:  frequency  modulation  width  6  MHz 
and  cold-finger  temperature  15  ®C.  For  reliable  measurements,  a  signal-to-noise  ratio  of  at  least  +40  dB  was  taken  to  be 
the  threshold  for  the  electrical  signal  reaching  the  input  of  the  frequency  counter. 

During  the  experimental  work  both  iodine-stabilized  He-Ne  lasers  were  successively  locked  to  the  saturated  absorption 
hyperfine  components  of  the  intracavity  systems^  from  d  to  j,  while  between  the  master  and  the  slave  lasers  has 
been  continuously  monitored  a  frequency  offset  of  350  MHz  (the  frequency  of  the  slave  laser  NRLMTFOl  was  higher  than 
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that  of  the  ma^tpr  laser  NRLM/Pl).  The  output  power  of  the  laser  NEtLM/N4  w^as  adjusted  as  to  cover  the  limits  set  for  the 
one  way  intraca\'ity  power  mentioned  in  the  reference^  e.g.  (10  ±  5  )  mW.  More  detailed  information  on  the  lasers 
involved  in  comparison  regarding  principal  geometrical  parameters,  operation  principles  and  performances  are  given 
elsewhere^’ 

The  operation  of  iodine-stabilized  He-Ne  lasers  at  633  nm  wavelengtli  under  conditions  specified  in  Recommendation  3( 
CI-92)  is  a  giflRripnt  condition  to  ensure  that  their  absolute  frequencies  lie  inside  the  given  uncertainty  of  2.5  parts  in 
lO^V  However,  the  laser  frequency  comparisons  are  necessary'  to  test  the  performances  from  time-to-time  or  to  determine 
the  sharpness  of  the  traceability  The  most  important  reason  of  performing  this  experimental  work  was  to  find  and  prove 
the  existence  of  an  easier  and  faster  way'  to  perform  frequency  difference  measurements.  For  ensunng  the  continuity  in 
that  field  of  determinations,  it  is  very  important  to  compare  results  coming  from  standard  and  new  proposed  methods. 

3.1.  Methods  for  data  processing 

The  master-slave  laser  system  proved  a  &st  frequency  response  and  a  contribution  of  less  than  15  Hz  is  supposed  to  be 
supplementary  added  as  incertitude  on  the  measured  frequency  differences.  By  using  the  set-up  presented  in  Figure  1,  we 
mixed  the  light  beams  coming  from  the  master  laser  NRLM/Pl  and  the  slave  laser  NRLMff^Ol.  A  frequency  discrepancy 
a  betw'een  the  master  and  the  slave  lasers  smaller  than  2  parts  in  10^^  or  less  than  3  parts  in  10  if  a  100-s  or, 
respectively,  10-s  gate  tiniR  resulted  from  the  Allan  variance  stability  measurements"  (see  the  graph  presented  in  Figure 
2).  Under  these  circumstances,  one  could  assume  the  performances  are  very  precisely  transferred  from  the  master  laser  to 
the  slave  laser.  Therefore,  we  may  assume  that  in  fact  we  were  measuring  the  frequency  differences  between  the  lasers 
NRLM/N4  and  NRLM/Pl  while  counting  in  fact  the  frequency  beats  resulting  from  mixing  light  beams  coming  from  the 
laser  NRLM/N4  and  from  the  laser  NRLMTFOl. 


1E-13 


1E-14 


PLL  frequency  -  locked  laser  system  :  NRLM  /  F01  +  NRLM  /  P1 


linear  fit  equation: 
y  =  1.76  E-15  +1-05  E-13  x 


0.1 


Fig.  2.  Relative  Allan  standard  deviation  versus  inverse  of  the  square  root  of  the  averaging  time  interval.  The  laser  NEtLM/FOl  was 

PLL  offset-frequency  locked  to  the  laser  NRLM/PL 

We  remind  that  in  case  the  standard  matrix  method  ^  would  be  used  for  data  processing,  each  freqpiency  difference 
measurement  is  provided  from  a  square  matrix  whose  elements  were  the  frequency  differences  (as  a  mean  of  more  than 
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three  measurements  with  an  integration  time  of  10  s)  obtained  by  successively  locking  the  two  iodine-stabilized  He-Ne 
lasers  1®LM/N4  and  NRLM/Pl  to  all  possible  combinations  of  hyperfine  components  of  an  available  group  except  those 
for  which  both  lasers  would  have  been  stabilized  to  the  same  component.  The  average  of  all  differences  between  pairs  of 
frequency  difference  measurements  is  taken  as  the  frequency  difference  between  compared  lasers  when  that  group  of 
components  are  considered.  (Tlie  exception  regarding  the  diagonal  elements  of  a  matrix  is  right  because  from  the  beat 
signal  is  not  resulting  which  laser  frequency  is  higher ). 

Following  the  above  definition,  in  case  the  direct  line-by-line  or  diagonal  method  would  be  used  for  the  data  processing, 
the  average  of  all  frequency  differences  (as  a  mean  of  more  than  three  measurements  with  an  integration  time  of  10  s) 
obtained  by  successively  locking  the  two  compared  lasers  on  the  same  component  of  a  group  could  be  taken  as  the 
frequency^  difference  between  compared  lasers  for  that  group  of  components.  In  order  to  perform  such  frequency 
measurements  a  frequency  offset  larger  than  the  frequency  intervals  bet^^'een  compared  components  has  to  be  set  and  then 
precisely  controlled.  Frequency  offsets  continuously  adjustable  from  100,000  00  to  400,000  00  MHz  were  easily  available 
by  using  an  improved  PLL  offset-locking  system. 

The  third  method  results  from  considering  a  square  matrix  whose  elements  were  the  frequency  differences  obtained  by 
successively  locking  the  two  iodine-stabilized  He-Ne  lasers  to  all  possible  combinations  of  hyperfine  components  of  an 
available  group.  We  proposed  that  the  average  of  all  differences  between  pairs  of  frequency  difference  measurements 
representing  different  components  to  which  are  added  those  representing  diagonal  elements  of  the  matrix  to  be  taken  as 
the  frequency^  difference  between  compared  lasers  in  case  that  a  complete  matrix  method  for  data  processing  had  to  be 
considered. 

3,3  Comparative  results 


All  three  participating  lasers  were  switched  on  during  the  first  day  of  the  measurement  and  remained  in  operation 
throughout  the  companson  in  order  to  obtain  a  good  thermal  equilibrium  in  both  mechanics  and  electronics.  All  operating 
parameters  for  the  lasers  N4  and  PI  were  checked  and  adjusted  to  be  at  the  nominal  value  just  before  starting  a  new  set  of 
measurements.  The  only  exception  was  the  laser  intracavity  power  which  remained  as  a  variable  parameter.  In  order  to 
measure  and  monitor  the  above  mentioned  parameters,  a  RF  spectrum  analyser,  a  calibrated  thermocouple  and  power 
meter  were  used  ( first,  the  output  power  was  measured  and,  then  converted  to  one-way  intracavity  power  by  considering 
the  value  of  the  output  mirror  transmission  coefficient  0.5  % ). 

The  foUowing  components  available  on  both  lasers  (NRLM/N4  and  NRLM/Pl)  were  successively  considered  in  the 
frequency  difference  determinations:  (d,  e,  f,  g),  (h,  i,  j),  (d,  e,  f,  g,  h,  i,  j)  and  the  following  indexes  are  used  to  specifr' 
the  method  used  to  process  the  experimental  data:  M  -  for  the  matrix  determinations,  D  -  for  direct  line-by-line  or  diagonal 
measurements  and  C  -  for  complete  matrix  determinations.  In  figure  3  are  presented  the  experimental  points  and  as 
vertical  lines  the  standard  deviation.  It  is  shown  also  a  linear  fit  on  the  experimental  data. 

The  frequency  differences  computed  when  the  experimental  data  shown  in  Figure  3  w^ere  fitted  by  a  linear  curve  are  shown 
in  Tablel.  An  intracavity  power  of  10  mW  was  used  for  these  computations,  e.g.  the  nominal  value  recommended  for  one 
w'ay  intracavity  power.  Small  differences  between  the  values  representing  frequency  determinations  when  all  three 
methods  of  data  processing  were  used  for  a  group  of  components  were  noticed 


Table  1.  The  expected  frequency  differences  between  the  laser  NRLM/N4  and  the  laser  NRLM/Pl,  resulting  from  a  linear 
fit  on  the  experimental  data  processed  by  using  different  methods  for  data  processing  (see  text  for  symbols). 


One-way  intracavity 
power 
fmWl 

Method 
for  data 
Processing 

Computed  frequency  difference  for  the  group:  /  pcHz] 

( d,e,  t  g ) 

{h,  i,  j) 

( d,  e,  f,  g,  h,  i,  j ) 

10 

M 

-11.70 

-7.14 

-9.56 

D 

-11.31 

-7.38 

-9.35 

c 

-11.54 

-7.13 

-9.51 
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In  Table  2  one  can  equally  note  the  values  representing  the  power  coefficients  calculated  for  different  groups  of  components, 
if  all  three  methods  for  data  processing  are  used.  In  Figure  4  we  present  the  deviations  one  can  obtain  if  the  frequency 
difference  determinations  obtained  following  the  matrix  determinations  (M)  are  subtracted  from  those  determinations 
obtained  following  the  diagonal  (M-D)  or  complete  matrix  (D-MD)  methods. 

Table  2.  Power  coefficients  for  the  laser  NRLM/N4,  resulting  from  a  linear  fit  on  the  experimental  data  processed  by  using 

different  methods  for  data  processing  (see  text  for  symbols). 


Method 

Power  coefficient 

for  data 

rkHz/mWl 

processing 

(d,e,f,g) 

(d,e,f,g,h,i,.j) 

M 

1.93 

1.49 

1.72 

D 

1.91 

1.47 

1.68 

MD 

1.92 

1.52 

1.71 

It  is  important  to  know  the  deviations  of  the  frequency  differences  obtained  when  diagonal  or  complete  matrix  method 
were  used  taking  as  reference  the  frequency  differences  calculated  by  using  the  matrix  method,  at  different  power  levels. 


Fig.  3.  Frequency  difference  determinations  between 
the  lasers  NRLM/N4  and  NRLM/Pl  for  different  groups  of 
components  and  methods  of  data  processing  (see  the  specifications 
inside  the  graphs  and  text).  The  laser  NRLM/FOl  was  PLL  offset- 
frequency  locked  to  the  laser  NRLM/Pl 
(offset  frequency:  350  MHz) 
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The  values  of  the  deviations  are  presented  in  Figure  4  as  a  graph.  It  is  important  to  note  the  limits  of  these  values  (less 
than  1,5  kHz)  and  from  far  smaller  values  at  the  nominal  value  (10  mW)  of  the  one-way  intracavity  power. 


Fig.  4.  Deviations  of  the  frequency  differences  calculated  by  diagonal  (D-M)  and  complete  matrix  (C-M)  methods  when  compared  with 
the  frequency  differences  measured  by  standard  matrix  method  for  different  groups  of  componentsid,  e,  f  g;  h,  i,  j;  d,  e.  f,  g,  h,  i,  j. 

4.  CONCLUSIONS 

The  frequency  difference  between  two  iodine-stabilized  He-Ne  lasers  is  usually  measured  by  standard  matrix  method  but 
the  diagonal  elements  of  the  matrix  -  resulting  from  locking  the  two  lasers  to  the  same  component  -  are  not  used  because 
there  is  no  information  about  which  laser  frequency  is  higher.  By  using  a  master-slave  laser  system,  where  the  slave  laser 
was  frequency  offset-locked  on  the  frequency  of  the  master,  the  above  mentioned  limitations  are  easily  passed.  Frequency 
discrepancy  between  the  slave  laser  NRLM/FOl  and  the  master  laser  NRLM/Pl  smaller  than  15  Hz  resulted  from  Allan 
variance  stability  measurements  for  10-s  gate  time,  so  that  one  can  assume  that  all  performances  regarding  frequenc}" 
stability  and  repeatability  of  the  master  laser  are  transferred  to  and  well  preserved  by  the  slave  laser. 

Frequency  beats  resulting  from  locking  the  two  iodine-stabilized  He-Ne  lasers  to  the  same  component  from  d  to  j  were 
measured  and  the  frequency  difference  calculated  by  using  three  methods:  standard  matrix,  diagonal  and  complete  matrix. 
A  frequency  offset  continuously  adjustable  from  100  to  400  MHz  was  available  using  an  improved  PLL  offset-locking 
system.  Deviations  smaller  than  1.5  kHz  resulted  when  frequency  differences  computed  by  using  the  standard  matrix 
method  and  the  complete  matrix  method  were  compared  with  those  obtained  when  the  diagonal  method  was  used.  It  was 
proved  that  relatively  small  deviations  are  expected  if  different  methods  of  data  processing  are  used  (one  may  note  that 
1.5  IsHz  represents  a  relative  frequency  difference  of  3  parts  in  10^^  which  is  from  far  smaller  than  2.5  parts  in  10^^ 
which  represents  the  estimated  relative  standard  uncertainty  of  this  type  of  laser  h. 
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Taking  into  account  these  results,  some  advantages  of  using  the  diagonal  method  -  as  a  short  time  for  performing  the 
Tn(»aqir<»in<^ntg  and  a  quick  answer  for  line-by-line  frequency  difference  measurements  -  could  promote  it.  Also,  it  gives 
the  opportunity  to  studty  the  influence  of  laser  operation  parameters  on  the  frequency  difference  between  two  lasers  locked 
on  the  same  component  with  no  any  influence  of  the  other  neighbouring  lines. 

By-  using  the  methods  mentioned  in  Chapter  3.1  for  data  processing  we  note  veiy  small  differences  appearing  among 
values  of  the  power  coefficients  for  a  given  group  of  components  if  different  methods  of  data  processing  were  used,  while 
significant  differences  were  noticed  when  considering  the  values  corresponding  at  different  groups  of  components.  In  fact 
this  could  explain  at  some  extent  the  significant  differences  appearing  between  frequency  difference  measurements 
computed  when  different  groups  of  components  are  considered  1®. 
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ABSTRACT 

We  propose  a  simple  method  for  integration  numerical  computations  of  the  atomic  rate  equations  for  three-level 
systems  and  the  laser  amplifier  equations.  We  calculate  the  gain  coefficient  in  eibium-doped  fiber  considering  the  effects 
of  pump  on  the  system  ^namics.  Described  the  atomic  rate  equations  for  three-level  i^stems  and  the  dynamics  Maxwell- 
Bloch  equations  for  erbium-doped  fiber  laser  amplifier  is  presented. 

Keywords:  EDFA,  runge-kutta,  maxwell-bloch,  dynamic,  coherence  term,  gain  coefficient,  atomic  rate  equations 

1.  INTRODUCTION 

The  use  of  erbium-doped  fiber  amplifiers  (EDFA)  in  optical  communication  system  has  virtually  eliminated  loss  as  a 
limitation,  and  thereby,  has  enabled  optical  transmission  over  trans-oceanic  distances  without  regeneration.  The  capacity 
of  these  long  systems  is  now  constrained  by  fiber  dispersion,  fiber  nonlinearities,  and  amplifier  noise.  An  evaluation 
method  for  cfynamics  Maxwell-Bloch  equations  for  erbium-doped  fiber  laser  amplifier  and  the  atomic  rate  equations  for 
three-level  systems  is  presented.  The  i^stems  are  coupled  differential  equations  can  only  be  solved  by  numerical 
computations.  We  used  for  integration  the  Runge-Kutta  method  (4th  order).  With  results  investigate  principally  the  effect 
of  the  two-photon  coherence  and  gain  coefficient.  The  method  evaluation  of  signal  gain  coefficient  for  erbium-doped 
fiber  amplifier  is  using  for  the  effects  of  pump  and  doped  with  erbium  and  the  method  by  evaluation  of  coherence  term  is 
using  m  atomic  coherence. 


2.  DESCRIPTION  OF  THE  SYSTEM 


In  this  paper,  we  report  an  evaluation  method  for  the  dynamics  of  an  erbium-doped  fiber  laser  as  a  function  of  time.  First 
we  proposed  a  simple  method  for  integration  by  numerical  computations  of  the  atomic  rate  equations  for  three-level 
^sterns. 


R31 

A31 

! 

i  A32 

W,2 

i 

[ _ 

Fig.  1  Energy  level  diagram  corresponding  to  a  basic  three-level  laser  system, 
where  the  laser  transition  occurs  between  levels  1  (ground)  and  2  (metastable) 
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The  ^mbols  R,  W,  and  A  conespond  to  pumping  rates,  stimulated  emission  rates,  and  spontaneous  decay  rates  between 
related  levels.  This  system  is  *: 

dNi  /dt  =  -  R13N1  +  R31N3  -  W12N1  +  W21N2  +  A21N2  (^) 

dN2  /dt  =  W12N,  -  W2,N2  -  AziNz  +  A32N3  (2) 

dN3  /dt  =  R13N1  -  R31N3  -  A32N3  (^) 

where  Ni  are  the  atomic  populations  in  the  energy  states  1,  2  and  3  respectively  with  i  =  1,  2,  3.  The  pumping  r^e  from 
levels  1  and  3  is  R13  and  the  stimulated  emission  rate  between  levels  3  and  1  is  R31.  The  stimulated  absorption  and 
emission  rates  between  levels  1  and  2  are  Wn  and  W21,  respectively  and  the  spontaneous  decay  from  levels  3  and  2  are 
A32.  A21  is  spontaneous  dec^  from  levels  2  and  1  (see  Fig.l).  Let  p  be  the  laser  ion  density  and  N,,  N2  and  N3  the 
fractional  densities,  or  populations  of  atoms  in  the  energy  states  1,  2  and  3,  respectively.  From  the  exated  state 
corresponding  to  level  3,  there  are  two  possibilities  of  decay,  i.e.,  rsuiiative  and  nonradiative.  The  laser  ions  density  is; 

P  =  N,+N2+N3  (4) 


and  initial  conditions  is: 


Nio  =  p  exp(-Ei  /  KbT)  (5) 

where  i  =  1,  2,  3.  Kb  is  the  Boltzmarm  constant,  T  is  the  temperature  for  measuring,  Ei  is  the  ener^  levels  of  erbium. 
These  ener^  Iwels  are  known  from  energy  level  diagram  of  erbium*  (see  Fig.  2).  The  system  of  atomic  rate  equations  for 
three-level  is  one  system  of  coupled  differential  equations  can  only  be  solved  by  numerical  computations. 


Fig.  2  Energy  level  of  erbium:  glass  showing  absorption  and  radiative  transitions.  The  transition  rravelengths,  given  in 

nanometers,  are  indicated  only  for  transitions  esqierimentally  observed  in  silicate  and  florozirconate  erbium-doped  fibers 

3.  STEADY  STATE  REGIME* 


In  the  steady  state  regime  for  atomic  rate  equations*  ',  the  populations  are  time  invariant.  i.e.. 


dNi/dt  =  0 


(6) 
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where  i  =  1, 2,  3.  Let 
and 


a  —  R31  +  A32 


b  -  W21  +  A21 


(8) 


We  obtain  from  Eqs.  (2)  -  (3): 


W12N1  -  bN2  +  A32N3  —  0 

(9) 

R13N]  -  3N3  =  0 

(10) 

Replacing 


N3  =  p  -  Ni  -  N2 


in  the  above  and  solving  for  Nj,  N2  yields: 


Ni  =  P 


_ ab _ 

b(a  +  Ri3)  +  aWi2  +  Ri3A32 


(11) 


(12) 


_  p  _ R  13  A  32  +  3  w  12 _ 

^  b(a  +  R,3)  +  a  W12  +  Ri3  A32 

We  replace  then  the  definitions  of  a  and  b  and  factorise  the  term  A21 A32  in  Eqs.  (12)  -  (13)  to  t*tain: 


(13) 


(l+W..0(‘+^) 

(i+W2.0(i+^^)+W,/(i+^)+R3^ 

A32  A32 

+W,2t(i+^) 

J^^=:p - - - ^ _ 

0+W2,^)(l+^^^)+W,2^(l+— )+R3^ 

A32  A32 

We  assume  now  that  the  nonradiative  decay  rate  A32  dominates  over  pumping  rates  R13  31,  i.e.,  A32»  Ru  31  and  Eqs. 
(14) -(15)  yield: 


M  =p - - 

1  +  Rt  +w,2'r 

Rx  +Wi2^ 

^1  +  Rx  +W,2^  +W2,^ 


with 


R  -  Ri3- 


(16) 


(17) 


(18) 
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With  the  above  result,  we  find  that  N3  =  p  -  Ni  -  Na  =  0,  i.e.,  the  pump  level  population  is  negligible  due  to  the 
predominant  nonradiative  decay  (A32)  toward  the  metastable  level  2. 

The  steady  state  populations  described  by  Eqs.  (16)  -  (17)  are  central  to  the  calculation  of  gain  coefficient  in  erbium-doped 
fibers. 


4.  DYNAMICS  MAXWELL-BLOCH 

Second  we  proposed  a  simple  method  for  integration  by  numerical  computations  of  the  1^  amplifier  equations  or 
dynamics  Maxwell-Bloch  equations  for  erbium-doped  fiber  laser  amplifier  as  a  fimction  of  time  .  The  system  is: 


dEi/dt  =  -k(E, -Pi) 

(19) 

dPi  /dt  =  -  y  i  ( Pi  -  DiEi  -  C32 ) 

(20) 

dDi  /dt  =  -  A21  ( Di  +  Ntot )  -  ®p  (  PiEi"!"  Pp ) 

(21) 

dPp/dt  =  -yx[Pp  -(Di-Ntoi)  -E1C32] 

(22) 

dC32  /dt  =  -  ycC32  -  Op  (  2  Pi  +  EiPp  )  /4 

(23) 

where:  E,  P  represent,  respectively,  the  electrical  field,  the  polarisation  of  the  medium  and  k,  yj.  their  respertive  relaxation 
rnngtimt<;  while  Dj  and  A21  represent,  respectively,  the  population  inversion  and  the  spontaneous  transition  probability 
between  the  level  (1)  and  (2),  Op  is  the  absorption  probability  of  a  pump  photon,  C32  is  the  coherence  term,  Nto,  is  the  total 
population  of  our  atomic  system,  yc  is  the  relaxation  constant  relative  and  the  subscript  p  indicates  the  pump  transitions 
between  the  levels  (1)  and  (3),  while  the  subscript  1  is  for  the  laser  transitions  between  the  levels  (2)  and  (1). 

5.  MODELING  WITH  RUNGE-KUTTA  METHOD 

In  this  section,  we  are  smdding  the  atomic  rate  equations  for  three-level  laser  and  two  coupled  lasers  coherently  pumped 
systems.  Modeling  is  maked  with  the  help  of  the  computer,  using  Runge-Kutta  method  for  solving  the  system  of  coupling 
Hiffprential  equations.  First,  we  are  solving  the  atomic  rate  equations  for  three-level  laser  ^stem.  For  the  Eqs.  (1)  -  (3) 
jfrom  the  atomic  populations  Nj,  N2,  N3  in  the  energy  states  1,  2  and  3  respectively,  using  Eq.  (4),  we  are  introducing  the 
following  definitions: 


g,=-R,3-R3i-W,2  (24) 

g2  =  -  R3I  +  A21  +  W21  (25) 

g3  =  R3iP  (26) 

g4  =  W,2-A32  (27) 

g5  =  -W2.-A2,-A32  (28) 

g6  =  A32  p  (29) 


In  the  following,  we  will  use  the  Eq.  (11)  and  we  obtain  one  quickly  solving  for  the  system  of  coupling  equations.  With 
those  definitions,  Eq.  (1)  -  (3)  are  given  by: 


dNi  /dt  =  gi  Ni  +  g2  N2  +  g3 


(30) 
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and 


dNj/dt  =  g4  Ni  +  gs  Nz  +  g6 


(31) 


Ns  =  p  -  (Ni  +  Nz) 


(32) 


respectively  from  Eq.  (11). 

Therefore,  the  system  (1)  -  (3)  can  be  further  simplified  by  using  definitions  (24)  -  (29),  and  we  obtain  one  new  differential 
equations  system.  New  system  (30)  -  (3 1)  with  the  link  relation  (32),  is  easy  to  solve  in  comparison  with  the  system  for  the 
Eq.  (1)  -  (3).  With  numerical  computations  for  the  system  of  Eq.  (30)  -  (31),  we  find  the  atomic  populations  N,  and  Nz  for 
the  different  period  of  the  time  and  the  initial  conditions.  After,  using  the  link  relation  (32),  we  obtain  the  atomic 
populations  Ns. 

The  system  (30)  -  (3 1)  is  one  elementary  Cauchy  problem,  that  is  one  differential  equations  system  by  first  order  linear  and 
coupling  for  the  atomic  rate  equations  in  the  energetic  steady  1,  2  and  3  respectively  with  the  solution  to  spread  between 
two  neighbour  points  of  the  network.  Using  a  Runge  -  Kutta  method  with  a  variable  integration  step  h,  we  have 
numerioilly  solved  the  two  coiqrled  differential  equations  (30)  -  (3 1). 

First,  we  will  solve  the  system  (24)  -  (29).  Using  following  functions  in  the  Eq.  (30)  -  (3 1): 


f,(N,,  Nz,  t)  =  g,  N,  +  gz  Nz  +  gs  =  dN,/dt  =  Nf 


(33) 


and 


fz(N,,  Nz,  t)  =  g4  N,  +  gs  Nz  +  g6  =  dNz/dt  =  Nz'  (34) 

we  compute  with  Runge  -  Kutta  method,  the  vector  component  part  for  ki,  kz,  ks,  k4  From  the  function  fi(Ni,  Nz,  t)  and  h, 
Iz,  I3, 14  fi'om  the  function  fz(Ni,  Nz,  t)  respectively.  With: 


k,=  hfi(N,,Nz,t)  (35) 

k2=  h  f,(Ni  +  k,/2,  Nz  + 1,/2,  t)  (36) 

k3=  h  fi(N,  +  kz/2,  Nz  +  lz/2,  t)  (37) 

k4=  h  fi(N,  +  ks,  Nz  + 13,  t)  (38) 


for  the  Eq.  (31)  and: 


li=hfz(N,,Nz,t)  (39) 

lz=  h  fz(N,  +  k,/2,  Nz  +  li/2,  t)  (40) 

13=  h  fz(Ni  +  k2/2,  Nz  +  lz/2,  t)  (41) 

14=  h  fz(Ni  +  ka,  Nz  + 13,  t)  (42) 


for  the  Eq.  (31). 

With  these  definitions,  we  can  implement  for  the  Eq.  (30)  -  (31),  one  program  for  computing  in  the  language  for 
programming.  Resulting: 
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(43) 


With  the  conditions  that  the  following  relations 


k2-k3 

and 

I2-I3 

(45) 

ki-k4 

I1-I4 

must  be  gmallftr  than  some  per  cents,  step  h  must  be  decreased.  We  obtain  good  solutions  if  step  h  for  integration  is  small 
or  the  period  of  time  is  longer  with  condition  (45).  For  long  period  of  time,  we  obtain  solutions  for  the  steatfy  state  regime. 
For  solving  Eq.  (30)  -  (3 1),  we  need  initial  conditions  (5). 

With  the  Runge  -  Kutta  method,  we  can  solve  the  Eq.  (19)  -  (23)  for  two  coupled  lasers  coherently  pumped  ^sterns. 
Modelling  is  the  same  with  the  first  part.  Using  same  method  for  the  first  system  (1)  -  (3)  to  the  system  (19)  -  (23),  we  can 


be  computing  Ei,  Di,  Pi,  Pp  and  C32. 

We  can  solve  the  system  (19)  -  (23)  with  the  following  functions: 

Si(Ei,  Pi,  Di,  Pp,  C32,  t)  =  -  k  (E,  -  P.)  =  dE,/dt  =  E,'  (46) 

S2(E,,  Pi,  Di,  Pp,  C32,  t)  =  -  Yi  (Pi  -  DiEi  -  C32)  =  dPi/dt  =  Pi'  (47) 

S3(Ei,  Pi,  Di,  Pp,  C32,  t)  =  -  A21  (Di  +  N^t)  -  fflp(PiE,  +  Pp)  =  dDi/dt  =  Df  (48) 

S4(Ei,  Pi,  Di,  Pp,  C32,  t)  =  -  yx  [Pp  -  (Di  -  Ntot)  -  E1C32]  =  dPp/dt  =  Pp'  (49) 

S5(Ei,  Pi,  Di,  Pp,  C32,  t)  =  -  YCC32  -  ®p  (2Pi  +  EiPp)  /  4  =  dC32/dt  =  C32'  (50) 

Now,  we  compute  with  Runge  -  Kutta  method,  the  vector  component  parts  for  ni,  Oj,  r^  qi,  Zi  from  the  functions  Si,  S2,  S3,  S4, 
and  S5  respectively: 

ni=  h  Si(Ei,  Pi,  Di,  Pp,  C32,  t)  (51) 

02=  h  Si  (El  +  ni/2.  Pi  +  O1/2,  Di  +  ri/2,  Pp  +  qi/2,  C32  +  zi/2,  t)  (52) 

n3-  h  Si(Ei  +  02/2,  Pi  +  O2/2,  Di  +  X2I2,  Pp  +  q2/2,  C32  +  Z2/2,  t)  (53) 

114=  h  Si(Ei  +  n3.  Pi  +  03,  Di  +  r3,  Pp  +  q3,  C32  +  Z3,  t)  (54) 

Oi=  h  S2(Ei,  Pi,  Di,  Pp,  C32,  t)  (55) 

02=  h  S2(Ei  +  ni/2.  Pi  +  01/2,  Di  +  ri/2,  Pp  +  qi/2,  C32  +  Zi/2,  t)  (56) 

03=  h  S2(Ei  +  02/2,  Pi  +  O2/2,  Di  + 12/2,  Pp  +  q2/2,  C32  +  Z2/2,  t)  (57) 

04=  h  S2(Ei  +  n3.  Pi  +  03,  Di  + 13,  Pp  +  q3,  C32  +  Z3,  t)  (58) 
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ri=  h  SsOEi,  Pi,  Di,  Pp,  C32,  t)  (59) 

r2=  h  SaCEi  +  ni/2,  Pj  +  Oi/2,  Di  +  ri/2,  Pp  +  q,/2,  C32  +  Zi/2,  t)  (60) 

r3=  h  S3(Ei  +  njl.  Pi  +  O2/2,  Di  +  t:Jl,  Pp  +  <12/2,  C32  +  Z2/2,  t)  (61) 

r4=  h  S3(Ei  +  n3.  Pi  +  03,  Di  +  Pp  +  q3,  C32  +  Z3,  t)  (62) 

qi=  h  S4(Ei,  Pi,  Di,  Pp,  C32,  t)  (63) 

q2=  h  S4(Ei  +  ni/2,  P,  +  o,/2,  D,  +  r,/2,  Pp  +  q,/2,  C32  +  Zi/2,  t)  (64) 

q3=  h  S4(Ei  +  02/2,  Pi  +  O2/2,  Di  +  r2/2,  Pp  +  q2/2,  C32  +  Z2/2,  t)  (65) 

q4=  h  S4(Ei  +  Us,  Pi  +  03,  Di  + 13,  Pp  +  q3,  C32  +  Z3,  t)  (66) 

Zi=hs5(Ei,Pi,Di,Pp,C32,t)  (67) 

Z2=  h  S5(Ei  +  ni/2.  Pi  +  O1/2,  Di  +  ri/2,  Pp  +  qi/2,  C32  +  zi/2,  t)  (68) 

Z3=  h  SsOEi  +  02/2,  Pi  +  O2/2,  Di  +  T2/2,  Pp  +  q2/2,  C32  +  Z2/2,  t)  (69) 

Z4=  h  S5(Ei  +  n3.  Pi  +  03,  Di  +  Ts,  Pp  +  q3,  C32  +  Z3,  t)  (70) 


With  these  definitions,  we  can  implement  for  the  Eq.  (19)  -  (23),  one  program  for  computing  in  the  language  for 
programming.  Resulting; 


Eim+i  ;= 


P I  m+  1  — 


D 1 01+ 1 1 — 


Ppm+ 


,,  ni +  2n2  +  2n3  +  n4 

Ei„+ - 

6 


„  01  +  202  +  203  +  04 

Plm+ - 

6 


^  ri  +  2r2  +  2r3  +  r4 

Dlm+ - 

6 


qi  +  2q2  +  2q3  +  q4 

PpmH - 

6 


(71) 


(72) 

(73) 

(74) 


^  ^  Z1  +  2Z2  +  2z3  +  Z4 

C  32  m+  1  1“  C  32  mH - 


6 


(75) 


with  the  conditions: 


n2-n3 

02 

-03 

r2-r3 

q2 

-q3 

,  and 

Z2-Z3 

ni-n4 

> 

01 

-04 

> 

ri  “r4 

qi 

-q4 

Z1-Z4 

must  be  smaller  than  some  per  cents,  step  h  must  be  decreased.  We  obtain  good  solutions  if  step  h  for  integration  is  sTnall 
or  the  period  of  time  is  longer  with  condition  (76).  We  used  for  integration  the  Runge-Kutta  method  (4th  order).  This 
method  gives  best  results  for  that  type  of  problems.  The  Runge-Kutta  method  uses  the  step  integration  in  concordance  with 
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error  choice.  The  advantage  for  using  Rnnge-Kutta  method  is  possibili^  to  autostart,  because  is  step  by  step  ^  method 
and  the  evaluation  implies  only  the  function  no  the  derivatives. 

6.  RESULTS 

We  calculated  the  gain  coefficient  in  erbium-doped  fiber  considering  the  effects  of  pump  on  the  system  <fynamics’ . 

The  signal  gain  coefficient  is: 


g  =  aa(X,){Tl(Xs)N2-Ni} 

(77) 

Tl(X  ,)  =  ae(X ,)  /  GJiX ,) 

(78) 

Parameter  ti  is  of  central  importance  in  the  modelling  of  erbium-doped  fiber  amplifier.  The  method  by  evaluation  of  signal 
gain  coefficient  for  erbium-doped  fiber  amplifier  is  using  for  the  effects  of  punq>  and  doped  with  erbium. 


Fig.  3  Signal  gain  coefficient*  ^  as  a  ftmction  of  wavelength  for  different  relative  medium  inversion  D: 

D  =  (Nz  -  N,)/p  =  (2N2  -  p)/p  (79) 

with  D  =  -1  when  all  ions  are  in  the  ground  state  and  gain  coefficient  is  negative.  For  a  spectral  region  near  ffie  loiig 
wavelength  side  of  the  transitions  is  characterised  by  a  positive  gain  coefficient.  When  D  =  +1,  the  region  of  positive  gain 
coefficient  widens  to  ^read  eventually  over  the  whole  spectral  region,  and  they  are  all  in  the  excited  state.  That  is 
tnodpilling  gain  coftffioip»»*  with  homogeneous  broadening,  for  modelling  gain  coefficient  with  ^omopneous  broadening 
using  only  the  results  associated  with  the  homogeneous  broadening  approximation^ ,  but  m^elling  is  differrat. 

The  coherence  term  C32  is  very  important,  because  is  usual  in  the  atomic  coherence  and  to  investigate  principally  the  effect 
of  the  two-photon  coherence. 


7.  CONCLUSION 

The  best  solution  for  atomic  rate  equations  for  three-level  systems  is  give  if  step  by  integration  is  srnall  in  toction  with 
error  choice.  For  great  timos  the  solutions  coincide  to  stationary  case.  The  method  by  evaluation  of  signal  gain  coefficient 
for  erbium-doped  fiber  amplifier  is  using  for  the  effects  of  pump  and  doped  with  erbium. 
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Influence  of  cross-relaxation  parameter  on  the  sensitized  photon 

avalanche 
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ABSTRACT 

The  p^r  discusses  the  influence  of  cross-relaxation  parameter  on  the  characteristics  of  the  sensitized  jrtioton 
avalanche.'  A  system  Pr^as  activator  ion  and  Yb^  as  sensitizer  ion  were  considered  for  the  avalanche  process.  By 
numerical  modelling  of  a  system  of  rate  equations,  time  depentocies  and  pump  rate  dependencies  of  pcpilations  of  energy 
levels  were  calnT^a*<*^  for  three  different  values  of  cross-relaxation  rate,  Correlation  between  cross-relaxation  rate  and 
threshold  value  of  pump  intensity  was  established. 

Keywords;  sensitized  jAoton  avalanche,  cross-relaxation  process 


l.INTRODUCnON 


Due  to  the  increasing  area  of  ^^lications  of  solid  state  laser,  search  for  new  mechamsm  and  materials  being  able  to 
g<>pi»Tat<»  1^0^  emission,  is  in  continuous  extension.  The  existence  of  efficient  and  narrow  spectral  range  pumping  sounds  in 
near  infrared  (laser  diodes),  makes  the  search  for  processes  which  could  upconvert  a  infrared  pumping  li^t  into  a  visible 
U.V  emission,  of  great  interes.  Hioton  avalanche  effect  is  such  a  process,  and  is  based  on  an  excited  state  absorption  (ESA) 
from  a  metastable  state,  followed  by  a  cross-relaxation  process  between  an  excited  ion  and  a  ground  state  ion,  that  feeds  two 
excitaion  in  the  ene^y  level  on  which  originates  ESA  (called  reservoir).  Unfortunately,  such  a  process^  requires  a  large 
concentration  of  dopant  ion,  which  is  not  always  possible  due  to  technological  reasoiK,  and/or  b^use  it  could  generate 
parasitic  de-excitation  which  may  stop  the  avalanche  process.  In  order  to  overcome  this  inconvenient  we  may  codop  the 
crystal  host  with  another  species  of  ion  (  sensitizer) .  The  sensitizer  has  to  fulfill  some  conditions:  to  cross-relax  with  the 
activator,to  transfer  back  the  excitation  to  the  activator  ion  and  to  enter  into  the  crystalline  host  in  a  large  concentratioa  If 
the  choiw  of  activator  and  sensitizator  is  suitable,  we  may  obtain  sensitized  avalanche  by  pumping  resona^y  from 
reservoir  level  of  the  activator ,  followed  by  a  cross-relaxed  process  between  an  excited  activator  ion  (on  the  emitting  level) 
and  a  sensitized  ground  state  ion.  The  excited  level  of  sensitizer  is  also  feed  by  a  weak,  nonresonant  pump.  At  the  ^e  time 
the  fpngitiypir  must  transfer  back  the  excitation  to  an  activator  ion  being  into  ground  state,  exciting  h  to  the  reservoir  level.  It 
is  possible  to  obtain  in  this  manner  an  avalanche  like  population  of  the  reservoir  level  which  induces,  due  to  resonant 
efficient  ESA  between  reservoir  and  emitting  level,  an  avalanche  population  of  the  emitting  level . 

However,  the  avalandie  process  requires  threshold  value  for  some  of  the  parameters^.  One  of  the  most  unportant  pai^eters 
is  the  CToss-relaxation  rate.  This  process  is  in  strong  competition  with  all  de^xcitation  processes(  radiative  and 
nonradiative)  of  the  reservoir  level,  and  consequently  it  has  to  fiilfill  particular  conditions  in  order  to  make  the  avalanche 
process  possible. 

This  paper  presents  the  influen(%  of  cross  relaxation  parameters  on  the  diaracteristics  of  the  sensitized  photon  avalanche 
p’ocess  and  on  the  other  parameters  of  the  ^stem. 
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2.  RESULTS 


The  scheme  of  sensitized  photon  avalanche  is  presented  in  Figure  1,  where  A  denotes  the  activator  ion  and  S  denote  the 
sensitizer  ion.  W22  and  W23  are  the  de-excitation  rates  for  the  reservoir  and  the  emitting  level  and  W12  is  the  de-excitation 
rate  for  the  sensitizer  excited  level  and  r  is  the  back  transfer  rate.  Cross-relaxation  rate  is  denoted  by  s,  while  u  and  t 
represent  the  rates  for  the  three  ion  processes,  and  p  and  q  are  the  rates  for  cross-relaxation  process  between  activator  ions 
and  the  second  step  of  the  back  transfer  from  S  to  A. 


A  S 

Figure  1  The  sensitized  avalanche  scheme 


The  sensitized  avalanche  process  can  be  described  by  a  system  of  rate  equations  (1).  This  system  admits  an  analytical 
solution  only  in  particular  case  (  stationary  regime  ,  low  depletion  of  the  ground  states  and  in  absence  of  three  ion 
processes).  By  taking  into  account  this  solution,  one  can  predict  the  threshold  values  and  conditions  for  avalanche 
parameters^. 

In  order  to  solve  numerically  the  system  (1)  we  take  into  account  the  concrete  parameters  by  consider  the  pair  Pr^*  as 
activator  and  Yb^:"  as  sensitizator‘'’^  The  levels  involved  are  ^Po  («23),‘G4  («2;)  as  emitting,  reservoir  and  ground  e 

state  energy  level  and  in  case  of  sensitizer  ,  («//)  ^F5/2  («//X  as  excited  and  ground  state  level. 

drYU  t  2  9 

—  =  -5/Jii«23  +''«12"21  +^12«12  +9«12«22  -2m,i«23  +2w«i2«21  --Rl"!! 

—  =  S«ii«23  -'•«12«21  -^12«12  "  ^ni2«22  +  2t«l  l«23  -2«ni2«21  + 

«n+"l2=«10  (1) 

=  ir22«22  +  *^23«23  "  '•«21«I2  “  .P«21«23  +  ^«23«U  “  ««I2«21 

=  -7?2«22  ~  ^22”22  +  ^"23”n  +  '■”l2”21  +  (l  “  ^^23”23  +  ^P^21^23  ~  ?”22”l2 

=  .R2«22  -  ^23«23  "  5«23«11  “  P"23«21  +  9«22«21  “  '«23'^^1  +  ««21«12 
+  ”22  +  ^223  =  ^20 
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by 


The  analytical  solution  of  the  threshold  value  of  ESA  can  be  obtain  in  the  conditions  specified  above  and  is  given 


(s«io  +  1^23X^22  (^”20  +  ^12)+  ^l(*^22  +  ^»2o)]  (2) 

srnio«20  “  *('■”20  +  <^12)^23  “  ^i('''*io  +  **^23) 


The  conditions  of  a  positive  value  for  Rziun  imposes  a  threshold  value  for  the  cross-relaxation 


sniQ>b  ^23  +  /?! 

”20 


The  dependence  of  R2iim  on  the  cross-relaxation  parameters,  by  taking  for  the  other  parameters  values  characteristic  for  Pr^"^ 
(as  activator)  and  Yb’"^  (as  sensitizator)  predicted  by  equation  (2)  is  represented  in  figure  2.  A  saturation  like  dependence  of 
R2Um  on  s  is  observed. 


Figure  2  Dependencies  of  threshold  pumping  rate  on  cross-relaxation  rate 


The  numerical  modelling  was  made  for  three  different  values  for  cross-relaxation  rate  s,  in  ratios  of  1 . 2.5 . 5,  starting  with 
s=l*10’*‘cm^s'*.  For  each  of  these  values  both  the  temporal  evolution  of  populations  of  the  levels,  which  show  that  after  a 
particular  time  tp  a  stationary  regime  is  reached,  and  the  stationary  values  of  steady  state  populations  versus  pump  rate  R2 
were  calculated.  The  stationary  population  of  the  emitting  level  is  quite  particular  for  the  avalanche  process  and  it  could  be 
seen  that  three  distinct  zone  exist;  under  the  threshold  value  Ra™  of  the  pumping  rate  a  weak  quadratic  dependence  on  ftie 
pump  intensity  is  observed,  immediately  above  Rain,  a  dramatically  increase  of  the  populations  of  the  emitting  level  with 
small  increase  of  the  pumping  rate  takes  place,  and  this  is  followed  by  a  saturation-like  behavior. 

Figures  3  and  4  represent  the  dependencies  of  steady  state  populations  of  emitting  and  reservoir  level  on  the  pumping  rate, 
for  the  three  HifFprent  values  of  tike  cross-relaxation  parameters  and  several  important  conclusions  can  be  drawn  from  these 
figures: 


1,S0E+O20  -1 


Figure  3  Dependencies  of  steady  state  value  of  emitting  level’s  populations  from  pump  intensities 


Figure  4  Dependencies  of  steady  state  value  of  reservoir  level’s  populations  from  pump  intensities 
-in  the  saturation  zone  the  values  of  steady  state  populations  of  the  emitting  level  are  almost  the  same  for  all  three 

cases 

-the  threshold  value  of  the  pumping  rate  is  almost  the  same  for  the  cases  s=2.5'*10'**  cm’s  '  and  s=5’^10  ‘®,  cm’s‘‘ 
and  bigger  for  s=l’'‘10"**  cm’s  ' 

-the  value  of  threshold  pumping  rate  is  in  good  agreement  with  theoretical  dependencies  of  figure  2 
-in  the  case  of  reservoir  level,  the  shape  of  steady  state  populations  dependence  on  pumping  rate  has  a  peeik,  which 
in  the  cases  of  s=2.5’'‘10''*  cm’s''  and  s=5*10''*  cm’s''  has  the  same  value  and  is  located  almost  on  the  same  value  of 
pumping  rate,  but  for  the  case  s=l’^10''*  cm’s''  is  smaller  and  located  to  a  high  value  of  pumping  rate 

-on  higher  values  of  pump  intensities  the  steady  state  value  of  reservoir  level  are  almost  equal  for  the  all  three  cases 

We  may  conclude  from  this  that  a  saturation-like  behavior  of  the  threshold  of  the  sensitized  avalanche  takes  place  with  the 
increase  of  value  of  cross-relaxation  parameter  for  the  activator  ion. 

For  the  case  of  sensitizer  ion,  figure.5  shows  the  steady  state  populations  of  the  excited  level  dependencies  on  the  pumping 
rate.  We  may  observe  that  in  this  case  semnificative  differences  between  all  three  cases  do  exist,  not  only  in  the  threshold 
value  for  pump  intensity  but  also  in  the  intensity  dependence  of  the  population  and  in  the  maximal  value.  This  difference 
between  the  activator  and  sensitizer  could  be  explain  by  bottle  neck  of  the  back  transfer  process  which  means  that  the 
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depopulation  of  the  excited  level  of  the  sensitizer  is  lesser  on  high  value  of  emitting  and  reservoir  level  populations,  due  to 
the  almost  complete  depletion  of  ground  state  level  of  activator,  and  consequently  the  dependence  of  populations  of  excited 
level  of  sensitizer  depends  stronger  on  the  value  of  cross-relaxation  rate. 


Figure  5  Dependencies  of  steady  state  value  of  sensitizer  excited  level’s  populations  on  pump  intensities 

The  figure  6  shows  the  temporal  evolution  of  populations  for  the  emitting  level  n23  for  all  three  cases  taken  into 
consideration,  for  the  same  pumping  rate,  above  the  threshold  value.  We  may  observe  that,  the  time  necessary  to  reach  the 
steady  populations  is  increasing  by  lowering  the  value  of  cross-relaxation  parameter.  Also,  a  change  in  shape  of  temporal 
dependence  can  be  observed  on  the  rise  part.  The  small  spike  is  located  on  high  value  of  time  and  populations  for  the 
s=i*io'‘*  ernes'*  value  of  cross-relaxation  parameters,  but  for  the  value  of  s=2.5*10‘*  cm^s"'  and  s=5*10'*  cm^s*  which  are 
almost  the  same.  The  differences  between  these  cases  are  more  relevant  if  we  take  into  consideration  the  time  dependencies 
of  the  reservoir  level  (fig  7).  We  may  observe  in  this  case  that  both  the  position  and  the  value  of  the  peak  are  depending  on 
the  value  of  cross  relaxation  parameter.  We  have  a  faster  reach  of  a  higher  peak  corresponding  to  a  larger  value  of  s,  but  the 
decrease  to  a  stationary  value  is  also  more  radical  for  this  value  of  s.  It  could  be  observe  that  the  stationaiy  value  of  reservoir 
populations  are  the  same  for  all  three  cases.  For  the  sensitizer  ion  we  have  in  figure  8,  all  the  three  time  dependencies.  It 
could  be  observed  that  the  differences  are  in  the  time  necessary  to  reach  the  saturation  region  and,  in  the  stationary  values  of 
the  populations. 


Figure  6  Temporal  dependencies  of  the  populations  of  the  emitting  level 


Figure  7  Temporal  dependencies  of  the  populations  of  the  reservoir  level 


Figure  8  Temporal  dependencies  of  the  populations  of  the  sensitizer  exciting  level 
3.CONCLUSION 

The  value  of  cross-rela:cation  rate  is  determinant  for  the  existence  of  sensitized  photon  avalanche,  because  under  some 
particular  value  this  regime  could  not  be  established.  The  influence  on  the  main  characteristics  is  major,  the  threshold  value 
of  pumping  rate,  the  time  necessary  to  reach  the  stationary  regime,  the  value  of  populations  under  a  certain  intensity  of 
pump,  being  under  a  strong  correlation  with  the  cross-relaxation  parameter.  However,  a  saturation  behavior  is  taking  place  in 
dependencies  of  values  of  steady  state  populations  and  threshold  value  of  pumping  rate,  on  the  cross-relaxation  parameter, 
but  for  the  temporal  dynamics  of  level’s  populations  still  remain  more  significant  differences.  Differences  between 
dependencies  of  the  activator  and  sensitizer  ion  on  the  cross-relaxation  rate  shows  that  for  an  efficient  avalanche  process  the 
dynamic  of  sensitizer  population  must  be  taken  into  consideration. 
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ABSTRACT 

This  p^r  presents  a  new  computing  procedure  for  measuring  the  bulk  absorption  coefficient  of  the  laser  optical 
components  that  present  a  layered  structure  as  the  coated  optical  components.  Previously,  this  measurement  has  been 
con<hirtfrf  usually  by  laser  calorimetry  with  the  procedures  provided  by  ISO  11551.  However  these  methods  assume  the 
probes  to  be  homogenous  and  for  the  inhomogeneous  sample  this  assumption  may  introduce  significant  errors  in  the 
value  of  the  absorption  coefficient.  The  method  is  based  upon  the  general  solution  of  the  heat  diffiision  equation  calculated 
for  an  optical  component  irradiated  by  a  laser  beam  with  all  parameters  knovm.  Because  the  optical  component  has  a 
layered  structure,  in  order  to  obtain  the  solution  of  the  mentioned  equation  in  each  layer,  a  system  of  heat  equations  has  to 
be  solved.  The  solutions  of  this  system  correspond  to  the  heat  diffiision  in  each  layer  and  th^r  strongly  depend  upon  ffie 
absorption  cnefficipnt  of  each  layer.  Due  to  the  &ct  that  the  values  for  absorption  coefficient  are  small  for  the  studied 
gaiTiplt»«!  these  solutions  are  developed  in  Taylor  series  with  respect  to  the  absorption  coefficient.  This  development  leads 
to  a  set  of  algebrical  equations  that  proviites  the  absorption  coefficient  value  of  each  layer  if  the  temperature  in  one  point  of 
that  layer  is  known.  This  method  has  been  e^qjerimentally  tested  evaluating  the  absorption  coefficient  of  a  ZnSe  sample 
with  an  AR  coating  of  BaFi  and  the  results  proved  to  be  in  agreement  with  the  results  obtained  by  numerically  simulating 
this  process. 

Keywords:  laser  calorimetry,  heat  diffiision,  integral  operators 


1.  INTRODUCTION 

Optical  components  for  high  power/energy  lasers  have  to  satisfy  rigorous  requirements  to  minimize  losses  caused 
absorption,  difiiision,  yaitfering,  etc.  Hence  the  measurement  of  the  absorption  coefficient  is  necessary  in  designing  and 
mamtfecturing  high  qualify  optical  components. 

There  are  many  methods  for  evaluating  the  absorption  coefficient  value  and  mostly  used  is  the  laser  ^orimetiy  ^  with 
the  standardized  versions;  gradient  method  and  pulse  method.  These  methods  are  based  on  the  assumjrtion  that  the  optical 
component  is  considered  homogenous.  These  assumptions  are  no  longer  valid  as  many  optical  components  are  covei^ 
ivith  multi-layer  AR  thin  films.  However  the  methods  are  a  good  approximation  as  long  as  the  thin  film  thermal  properties 
(thermal  conductivity,  heat  capacity,  etc.)  are  close  to  the  thermal  properties  of  the  substrate. 

Therefore  the  aim  of  this  stuify  is  to  develop  a  calculus  method  for  evaluating  the  adsorption  cwffident  in  the  case  of  the 
conqwsite  systems  presenting  a  layered  structure.  In  order  to  solve  this  problem  the  heat  equation  is  solved  for  ^h  layer 
of  the  optical  conqxment.  Afterwards  the  function  that  describes  the  temperature  value  in  each  layer  is  developed  in  Taylor 
series  with  respect  to  the  absorption  coefficient  taking  into  account  that  its  value  is  very  small.  In  thw  way  for  each  layer  is 
obtained  an  algdnical  equation  with  the  absorption  coefficient  as  the  unknown  value.  These  equations  are  solved  and  the 
absorption  coefficient  for  each  layer  is  obtained. 
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2.  CALCULUS  METHOD 


In  this  section  is  presented  the  solving  procedure  of  the  heat  diffusion  in  a  layered  structure.  Also  the  probe  is  assumed  to 
be  cylindrical  and  irradiated  with  a  TEMoo  laser  beam.  For  the  simplicity  of  Ae  presentation  the  probe  is  considered  to  be 
double-leered  but  in  the  same  manner  the  method  can  be  ai^lied  for  systems  with  more  than  two  leers.  The  width  of 
each  layer  of  the  optical  component  is  equal  to  a  and  b  and  the  radius  is  equal  to  R 

The  equation  for  the  heat  difiusion  process  inside  a  elin<hical  double  layered  optical  component  irradiated  the  laser 
beam  centered  to  the  probe  is: 


d\  loTj  d%  1  aTj 


2r^ 


d  r  T  dr  d  z  dt  k. 


1 0T,  d^T 


1  5T, 


2r^ 


d^r 


T  dr  d^z  yl  dt  kj  ®  \  oj/ 


(1) 


The  significance  of  the  terms  involved  in  relation  (1)  are  as  follows: 


a^2  =the  absorption  coeflScien  lvalue 

y  =  — ;c  =  heat  capacity; p= density 
cp 


©o  =  radius  of  the  laser  beam 


lo  =  intensity  of  the  laser  beam 


to  =  the  time  of  ejqx)sure  to  the  laser  beam 
h(t)  is  the  step  fimction  of  Heaviside 


The  boundary  condition  corresponding  to  the  equation  (1)  are  as  follows: 


^i(r,z,t)j 


dz 


-ET,(rAt)  =  0 


2=0 


T,(r,a,t)  =  T2(r,a,t) 


gTi(r,z,t)| 


k, 

dz 


dr 


dz 

■ET,_2{R,z,t)  =  0 


r=R 


dz 


+  ET2(rAt)  =  0 


2=a+b 


^1,2  ^  ^initial  "^1,2  ““  ^ 


(2) 


where  E  is  the  emissivity  of  the  outer  surface  of  the  optical  component  and  ki^2  is  the  thermal  conductivity  of  each  layer 

The  boundary  conditions  (2)  correspond  to  a  cylindrical  optical  component  that  radiates  heat  through  its  outer  sur&ce  with 
emissivity  equal  to  E.  Also  we  have  written  the  continuity  and  energy  conservation  relations  to  the  interfece  between  layers 
(z=a). 
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In  order  to  solve  the  system  of  parabolic  partial  differential  e<^tions  (1)  an  integral  operator  is  applied  to  each  equation  of 
the  system.  This  integnl  operator  correqwnds  to  the  partial  <hfferential  equation  (3). 


r  ar  ’  ’ 


=  0 


(3) 


a^  1  a 


;i,  2  =  the  eigenvalue  for  the  differential  operator  .  The  expression  of  this  integral  operator  is  given  by  the 

solution  of  equation  (3)  and  is  equal  to;  Kj_2  =  Jo(^i.2*')  where  Jo  is  the  Bessel  function. 


By  applying  this  integral  operator  the  i^^em  (1)  becomes; 
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(4) 


The  parameters  Ci,2  are  the  normalizing  fectors  for  the  aj^lied  integral  operator  and  are  given  by  the  expression: 

R 

Cu  =JrK;,4r,>,„)clr 
0 

At  this  point  is  important  to  establish  a  relationship  for  calculating  the  eigenvalues  X,  2 .  This  relation  is  given  in 
expression  of  the  boundary  condition  at  r  =  R  (2). 

EI,(>.uR)->.„J,(>.,,,R)  =  0  <5) 


From  (5)  one  can  observe  that  X.j  =  ^,2  =  ^  • 

To  the  system  (4)  the  Laplace  transform  L  is  applied  and  the  result  is  the  system  (6). 
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.s  s 


-X^jT2(Xj,2,s)  +  — 

Ti.2(^i,z,s)  =  L|Ti.2(Xi,z,t)|;fi.2(A,i,z,s)  =  L|fi,2(Xi,z,t)| 


(6) 


The  solution  for  the  equations  (6)  is  (7): 


1  e‘ 


Aj+ctj  v, 

T2(>1.,z,s)  =  - 


1  e~^° 

s  s 

A2  +  OC2 


(7) 


The  constants  Mi  2  and  Ni,2  are  obtained  from  the  condition  of  continuity  and  energy  conservation  at  interface  z  =  a. 


T,(x„a,s)  =  T2(^„a,s) 


k, 


^Ti(>l.,z,s) 


=  k. 


^T2(>;ti,z,s) 


^  00  _ 

The  solutions  in  Laplace  space  are:  T  1,2  (r,  z,  s)  =  J  0  (A, jf)  T,,2  (A,j  ,  z,  s)  and  the  general  solution  for  the  system  (1) 

i=l 

is:  T,2(r,z,t)  =  L-'jT,.2(r,z,t)| 


The  calculated  solution  for  temperature  field  distribution  corresponding  to  a  double-layered  cylindrical  probe  is  presented 
in  Fig.  1.  The  first  layer  correspond  to  a  thin  fOm  layer  of  BaFa  of  width  equal  to  3  |jim . 
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Fig.  1  Calculated  temperature  field  distribution  into  a  ZnSe  probe  exposed  to  a  10  W  CO2  laser  beam  for  60  s 


To  e*:taWisb  an  cjqjression  for  the  absorption  coefficient  values  first  the  ejqwnential  e  are  developed  in  T^lor  series: 


l-a,2Z 


(8) 


Rewriting  the  equation  (6)  in  Laplace  space  and  using  the  relation  (8)  an  algebrical  equation  is  obtained  and  the  solution 
for  tti  jare: 
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where: 

i=l 
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The  relation  (9)  provides  the  values  of  absorption  coefficient  of  each  layer  if  case  that  the  terms  Sa,  Sb  and  C  can  be 
calculated  These  terms  can  be  calculated  if  the  temperature  for  one  point  of  each  l^er  is  known. 


3.  CONCLUSIONS 

This  paper  presents  a  simple  method  to  calculate  the  absorption  coefficients  for  a  multi-layer  system  based  on  measuring 
the  temperature  in  a  single  point  of  each  layer  at  one  moment.  We  have  rigorously  described  the  mathematical  method  for 
solving  the  heat  diffiision  equation  for  such  systems  and  derived  a  formula  (9)  for  calculating  the  absorption  coefficient  of 
each  layer. 

In  the  calorimetric  procedure  for  measuring  the  absorption  coefficient  the  temperature  is  supposed  to  be  measured  in  a 
single  point  of  the  probe  over  a  period  of  time  determined  by  the  exposure  time.  The  advantage  of  this  method  is  that 
requires  only  two  points  for  temperature  measurement  made  at  a  single  moment. 

The  value  of  absorption  coefficient  determined  by  calorimetry  is  a  mean  value  for  probe  absorption.  The  proposed  method 
provides  the  absorption  coefficient  of  each  layer  of  the  composed  probe.  Therefore  the  method  could  be  employed  to 
measure  the  absorption  of  the  thin  films  deposed  on  a  substrate.  The  fact  that  the  proposed  procedure  requires  only  a  sin^e 
value  of  the  temperature  T(r,2,t)  makes  it  sensible  to  the  errors  determined  hy  the  measuring  process.  The  question  to 
answer  at  this  point  is  what  are  the  most  favorable  conditions  for  temperature  measurement.  Some  studies  were  conducted 
on  this  subject  and  the  measuring  point  should  be  as  far  as  possible  firom  the  irradiating  laser  beam. 

Regarding  the  moment  of  the  temperature  measurement  this  should  be  when  the  probe  is  heated  enough  to  have  a 
temperature  measured  by  the  thermal  sensors  significant  regarding  to  their  tolerance.  The  moment  should  be  also  situated 
in  a  point  of  minimum  slope  of  the  function  describing  the  temperature  versus  time  in  order  to  reduce  the  errors  induced 
by  the  inertia  of  the  thermistors. 

From  the  experimental  point  of  view  there  is  no  difference  between  the  proposed  method  and  the  laser  calorimetry  method, 
only  the  calculus  method  making  the  difference  between  them. 

In  order  to  reduce  the  errors'*  the  exposure  time  should  be  no  longer  than  30  s  and  the  radius  of  the  laser  beam  should  not 
exceeds  10  %  fi*om  the  radius  of  the  probe. 

Looking  at  the  expressions  corresponding  to  the  absorption  coefficients  one  may  consider  that  they  require  a  significant 
computing  power  in  order  to  reach  an  acceptable  convergence.  Some  calculations  were  conducted  and  the  sums  involved  in 
the  mentioned  expression  converge  very  fast  and  for  our  calculation  after  10  iterations  the  precision  has  reached  a  value  of 
10" .  The  only  problem  difficult  to  overcome  could  the  calculation  of  the  eigenvalues  required  for  absorption  coefficient 
values.  The  equations  that  provide  these  eigenvalues  are  solved  numerically,  but  once  two  consecutive  eigenvalues  are 
determined  the  others  are  determined  very  quickly  as  they  presents  a  cuasi-periodicity. 

These  expressions  of  the  absorption  coefficients  are  calculated  numerically  like  the  eigenvalues  they  contain  but  most  of 
the  mathematical  software  packages  provides  procedures  for  a  very  fast  numerical  evaluation  of  such  expression  and  also 
very  fast  procedures  for  numerically  calculation  of  the  roots  of  equations.  Therefore  we  recommend  the  implementation  of 
the  mathematical  model  described  in  this  paper  using  such  a  mathematical  software  package. 

REFERENCES 

1.  ***,  ISO/TC172/  SC9,  Test  Method  for  absorptance  of  optical  laser  components,  ISO/DIS  11551, 1994. 

2.  B.  Steiger,  U.  Pfeifer,  P.  Meja,  U.  Broulik  and  V.  Neumann,  "Practicability  of  absorption  measurements  according  to 
ISO/DIS  11551",  Proc,  SPIE,  2870,  pp.  495-501, 1996. 

3.  A.P.  Kul^hkin,  M.P.  Matrosov  and  A.  A.  Karabutov,  "Photothermal  measurements  of  bulk  and  sur&ce  absorption  of 
transparent  infrared  optical  elements".  Opt  Eng.,  35,  pp.  3214-3218,  1996. 

4.  T.  Vlsan ,  D.  Sporea  and  G.  Dumitru,  "Computing  method  for  evaluating  the  absorption  coefficient  of  infrared 
optical  elements".  Infrared  Physics  and  Technology,  39,  pp.  335-346,  1998. 


218 


Studies  upon  the  execution  of  the  materials  puncture  inlet  opening 

chemical  metallizing 


Emil  Petrescu®*,  Paul  Penciou^  Camelia  Pet^escu^  Marinela  Catrinciuc*’ 

*  University  “  Politehnica  “  Bucharest ,  Splaiul  Independentei  313,  Romania 
**  Research  and  Development  Institute  for  Electrical  En^neering  Bucharest, 
Splaiul  Unirii  3 13,  Bucharest,  Romania 


ABSTRACT 

The  short  presentation  of  the  YAG;  Nd  laser’s  parameters  is  followed  ly  phenomena  that  take  place  at  the  intersection  of 
the  laser  radiation  with  the  material  to  be  processed.  The  laser  induced  temperature  distribution,  the  parameters  ^t 
condition  the  laser  process  use,  the  fectors  that  influence  the  precision  of  the  laser  operation,  and  the  technological 
particularities  on  the  puncture,  are  problems  dealt  with  before  the  experimental  research’s  results.  The  abstract  presents  a 
method  of  selective  chemical  metallizing  of  the  puncture  made  in  ceramics,  as  well  as  application  areas  and  advantages  of 
the  laser  {mncture. 

Keywords:  laser,  chemical  metallizing ,  ceramic 


l.mTRODUCTION 

The  laser  is  one  of  the  few  scientific  achievements  that  found  themselves  large  and  varied  applications  in  all  the  scientific 
and  technical  areas  in  a  very  short  period  of  time. 

It  is  necessary  to  know  the  conditions  which  the  process  could  be  done  within,  the  interactions  between  the  laser  radiation 
and  the  material  to  be  processed,  the  energetic  parameters  and  the  beam  control  parameters,  the  possibilities  of  quah^ 
assurance,  the  precision  and  the  technical-economical  efficiency  of  the  process. 

The  laser  are  stimulated  radiation  with  specific  properties,  different  from  the  radiation  emitted  by  the  classical 
sources.  Among  these  properties  we  mention:  the  radiation’s  coherence,  the  direction,  the  monochromatism,  the 
radiation’s  intensity,  the  low  divergence  of  the  beam  and  the  very  high  power  density. 

The  YAG:  Nd  laser  (the  YAG-Y3AI5O12  laser  doped  with  neocfymium  ions)  is  part  of  the  laser  series  with  solid  active 
mediums  that  has  the  following  parameters: 

*  wave  length:  1.064  X; 

*  photon’s  energy:  1.86x10'*®  J; 

*  doping  density:  2.83x10^  cm 

*  radiation’s  typical  angular  divergence:  4.5-5  mrad; 

*  maximum  output:  2x10*  W; 

*  impulse’s  maximiiiri  energy:  0.005  J; 

*  impulse’s  duration:  1.5x10'*  s. 

2.  PHENOMENA  THAT  TAKE  PLACE  AT  THE  mTERSECTION  BETWEEN  THE  LASER 
RADIATION  AND  THE  MATERIAL  TO  BE  PROCESSED 

For  a  correct  evaluation  of  the  possibilities  and  limitations  of  the  laser  process’  technologies,  it  is  important  to  know  all  the 
phenomena  that  occuT  at  the  intersection  between  the  laser  radiation  and  the  material  to  be  processed.  The  analysis  of  the 
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radiation’s  effects  has  to  take  into  account  the  absorbed  part  of  the  inci^nt  flux,  the  energy’s  maximum  density,  the 
laser’s  duration,  the  energy’s  spectral  distribution,  focusing  conditions,  and  the  radiation’s  wave  length. 

The  working  parameters  in  the  laser  process’  technologies  are  determined,  on  the  one  hand,  by  the  installation’s  type,  and 
on  the  other  hand,  by  the  physical-chemical  characteristics,  temperature  and  the  status  of  the  material  sur&ce. 

The  change  of  the  laser  radiation  energy  into  the  caloric  energy  takes  place  because  of  the  absorption  phenomenon  from 
the  lo  intensity  flux,  that  fells  on  the  piece  -  part  of  it,  Rio,  is  reflected  ^  the  material’s  surfece,  and  another  part,  (I-R)Io, 
goes  into  the  material. 

The  radiation’s  intensity  that  penetrates  the  material  will  lower  exponentially,  according  to  the  absorption  law: 

I(z)  =  Ioa-R)e^ 

where: 

R  =  reflecting  coefficient 
a  =  absorption  coefficient 

Both  terms  d^nd  on  the  optical  and  physical  characteristics  of  the  material,  on  the  status  of  its  surfece,  and  on  the 
radiation’s  wavelength.  At  the  majority  of  metals,  the  reflection  degree  growths  with  the  size  of  the  radiation’s  wave 
length. 


Another  fector  that  has  to  be  taken  into  account,  because  it  influences  the  laser,  radiation  absorption,  is  the 
roughness  of  the  piece’s  surface  that  wUl  be  processed.  It  is  recommended  that  the  Rz  roughness  should  be  greater  than  the 
wave  length  of  flie  incidental  laser  radiation.  The  absorption’s  variation  growths  according  to  the  temperature  of  the 
piece’s  surfece,  as  this  law  states: 

A  Si  Ao.^l+01  (Tj  “Tq) 


where: 

Ao  =  the  absorption  capacity  at  the  reference  temperature 
a  =  constant  that  depends  on  the  piece’s  material 
Ti  =  the  heating  temperature  of  the  piece 


3.  THE  LASER  INDUCED  TEMPERATURE  DISTRIBUTION 


At  the  laser  beam  impact  with  the  piece’s  material,  the  radiation  ene^  changes  into  caloric  one,  that  travels  into  the 
material  and  modifies  its  thermal  status. 


The  graphical  representation  of  the  laser  radiation’s  action,  on  the  material  to  be  processed,  is  shown  in  Fig  1. 


The  thermal  flux  propagation  within  the  piece  depends  on  the  penetration  depth  in  the  material,  on  the  reflectivity  changes 
with  the  temperature,  on  time  and  other  fectors. 
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Fig.  1  The  graphical  representation  of  the  laser  radiation’s  action  on  the  material  to  be  processed 
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Fig.  2  shows  the  temperature  changes  in  the  material  for  certain  action  spans  of  time  of  the  laser. 


Laser 


Fig.  2  The  temperature  variation  depending  on  the  penetration  depth 

4.  THE  PARAMETERS  THAT  CONDITION  THE  LASER  PROCESS  USE 

Ctae  of  the  most  important  parameters  that  determine  the  process  type  that  can  be  done  by  laser  is  the  radiation’s  power 
density.  If  the  temperature  field  distribution  is  known,  toe  critical  density  of  toe  radiation  power  cfc,  that  produces  a 
certain  temperature  Tm  on  a  surtoce  or  in  a  volume  of  material,  for  a  laser  action  duration  x;  (or  a  moving  speed  Vp  of  toe 
piece  in  fi^ont  of  toe  beam)  can  be  Atermined. 

q,  =  0.885  XTJ  ^/d^7 

The  between  toe  power  density  and  toe  laser’s  action  duration  is  shown  in  Fig.  3. 


Fig.  3  The  laser  process  possibilities  depending  on  the  power  density  level  and  the  laser  action  duration 


5.  THE  FACTORS  THAT  INFLUENCE  THE  LASER  OPERATION’S  PRECISION 

Using  high  concentrated  radiation,  the  processing’s  sizes  are  relatively  small.  Thus,  toe  study  of  toe  toctors  that  affect  toe 
execution  precision  becomes  very  important. 
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The  laser  process’  precision  may  be  treated  in  two  w^s:  macro-  and  micro-geometrically. 

The  execution  precision  is  determined,  macro-geometrically  by  : 

*  laser  radiation’s  parameters: 

*  the  beam  power; 

*  the  laser  action  duration; 

*  the  material’s  spot  size. 

*  the  way  the  piece  is  positioned  in  relation  with  the  radiation’s  focusing  point  in  the  xOy  plan  and  on  the  Qz 
axis,  respectively  with  the  size  and  direction  of  the  non-focusing. 

From  the  micro-geometrically  point  of  view,  the  laser  process  precision  depends  on: 

*  the  way  the  laser  radiation  is  generated; 

*  the  spatial  and  temporal  distribution  of  the  beam’s  energy; 

*  the  generator’s  optical  systems’  imperfections; 

*  the  temporal  and  spatial  stability  of  the  radiation’s  parameters. 

Other  fectors  that  affect  a  lot  the  time  stability  of  the  laser  radiation’s  parameters,  respectively  the  execution  precision  of 
the  process,  depend  on  both  the  wear  and  using  time  of  the  resonant  cavities’  mirrors  and  of  the  pumping  cavity  of  the 
reflecting  surfaces,  and  on  the  optical  systems’  elements  of  the  laser  generator. 

6.  THE  TECHNOLOGICAL  PARTICULAWTIES  AT  THE  PUNCTURE  EXECUTION 

Similarly  with  the  other  laser  process  procedures,  the  puncture  is  based  also  on  the  thermal  effect  of  the  radiation  over  the 
materials. 

The  use  of  the  laser  radiation  for  the  making  of  the  inlet  openings  in  vary  materials  was  the  laser’s  first  technological 
application. 

Very  fine  inlet  openings  can  be  done,  having  the  diameter  equivalent  with  the  wavelength’s  size  of  the  radiation,  but  the 
inlet  openings’  sizes  are  limited  to  maximal  thickness  of  the  material  of  12-14  mm  and  diameter  of  0.015-1.5  mm. 

At  the  establishing  of  the  parameters  of  the  puncture  process,  aside  firom  the  correlation  of  the  radiation  power  density 
with  the  laser  action  power  and  with  the  properties  of  the  material  to  be  processed,  it  is  necessary  to  take  into  account  the 
radiation  absorption  degree  Yyy  the  material,  because  a  greater  part  of  the  E  laser  energy  might  be  lost  through  reflection, 
from  the  surface  of  the  piece. 

Ea  =  (16R)E 

where: 

R  =  the  material’s  reflection  factor 

7.  EXPERIMENTAL  RESEARCH’S  RESULTS 

The  laser  puncture  process  occurs  almost  instantaneous.  The  removal  of  the  material  through  the  radiation’s  action  takes 
place  step  by  step,  starting  with  a  quasi-static  phase  of  heating  and  overheating  of  the  material,  that  goes  fast  into  another 
dynamic  melting  phase,  vaporisation  and  exhaustion  of  the  gaseous,  solid,  and  liquid  products,  that  are  being  obtained. 

In  Fig.  4,  the  absorption  degree  of  some  non-metallic  materials  is  shown;  these  materials  are  much  used  in  the  making  of 
some  laser-punctured  pieces,  according  to  the  radiation’s  wavelength.  Inlet  openings  of  vary  shapes  (cylindrical,  conic, 
bulb-shape)  can  be  obtained  through  the  correct  control  of  those  elements  because  the  final  profile  of  Ae  formed  cavity 
after  the  material  vaporisation  is  determined  mainly  by  the  radiation  focusing  mode  and  the  laser  impulse’s  shape. 
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Fig.  4  The  absorption;  degree  of  some  non-metallic  materials 

The  appreciation  of  the  Vc  speed,  that  heat  penetrates  into  the  material  with,  is  done  knowing  the  t  time  t  =  Xj  (the  span  of 
time  of  a  laser  impulse) 

Vc  =  Zc/ti  =  2K/ti 

where: 

Zc  -  2K«  =  the  penetration;  depth  of  the  heat  in  the  material 
K  =  the  thermal  conductivity  of  the  material 
t  =  the  laser  action  span  of  time 

If  the  luminous  energy  flux  I(t)  absorbed  by  the  material  at  the  time  t,  then; 
p  =  the  specific  mass  of  the  material 
Tv  =  the  vaporisation  temperature 

Lv  =  the  vaporisation  latent  heat  of  the  material  to  be  processed 

Based  on  the  energy  preservation  principle,  the  speed  of  heading  of  the  vaporisation’s  firont  of  the  material  can  be 
determined. 


where: 

c  =  the  specific  heat  of  the  material 


Vv(t)  =  I(t)/p(Lv+cTv) 


The  puncture  process  has  the  following  stages: 

♦  Following  the  laser  radiation  absorption  at  the  material’s  surfece,  an  increase  of  the  internal  energy  in  the 
affected  micro-zone  takes  place,  much  above  the  equilibrium  values; 

♦  Local  vaporisation  of  some  thin  layers  are  produced  (5  nm  up  to  50  nm); 

♦  The  rapid  increase  of  the  temperature,  with  the  heating  of  some  material  particles  adjacent  to  the  radiation 
focusing  point.  During  a  laser  impulse  (of  Ti  span  of  time),  aside  fi-om  the  increase  of  the  inlet  opening 
depth,  a  mnrh  increase  of  the  diameter  appears,  because  between  the  penetration  depth  h  and  the  diameter  of 
the  inlet  opening  d,  there  is  a  non-linear  energetic  dependence.  Another  controlled  parameter  that  influence 
the  evolution  of  the  vaporisation  process  of  the  material  to  be  processed,  and  thus  the  puncture  parameters,  is 
the  laser  action  duration,  respectively  the  duration  and  the  number  of  the  overlapping  laser  impulses. 
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Fig.  5  shows  the  variant  of  the  penetration  depth  h,  the  diameter  d,  and  the  h/d  rapport,  according  to  the  laser  impulse 
duration. 

In  the  first  part  of  the  laser  impulse,  a  rapid  increase  of  the  depth  and  diameter  of  the  inlet  opening  can  be  noticed 
Actually,  70  %  of  the  depth  and  90  %  of  the  diameter  are  achieved  in  the  first  half  of  the  laser  impulse  duration;  after  that, 
a  diminishing  of  the  puncture  process  evolution  takes  place,  determined  by  the  unwanted  phenomena  that  appear  in  the 
working  zone  (shielding,  thermal  conduction). 
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Fig.  5  The  inlet  opening  parameters’  variation  (d,  h,  h/d)  depending  on  the  laser  impulses  duration 

8.  THE  SELECTIVE  CHEMICAL  METALLIZING  OF  THE  PUNCTURE  DONE  IN  THE 

CERAMIC 

Once  the  ceramic  laser  puncture  is  done,  the  possibility  of  metallizing  these  inlet  openings  through  a  selective  chemical 
layering  aiq)ears. 

This  operation  -  through  a  technology  that  uses  the  low  pressure  (evaporation,  sputtering,  etc.)  -  leads  to  lower  results, 
because  shading  effects  ajqiear  (unmetallized  parts);  this  ha^jens  because  the  inlet  opening  direction  is  almost  parallel 
with  the  evaporated  metallic  atoms  direction. 

After  the  ceramic  puncture  is  done,  its  cleaning  follows  -  through  immersion  in  liquid  NaOH  for  5  minutes,  foUowed  by 
washing  in  distilled  water  jet. 

After  the  drying  process,  over  the  opening  done  in  the  ceramic,  a  drop  of  activator  paste  based  on  palladium  acetonate 
acetyl  (PAC  1000  made  in  ICPE)  is  being  applied.  It  is  treated  for  5  minutes  at  450  ®C.  The  following  reaction  takes  place, 
reaction  verified  throu^  differential  thermal  analysis. 

After  the  activation  is  done,  the  inlet  openings  have  been  chemically  copper-plated.  The  electrical  resistance  of  the  cofqjer 
path  in  the  puncture,  measured  between  the  two  faces  of  the  ceramic,  was  0. 1  ohm 

Ceramic  based  on  AI2QJ,  AIN,  and  Si3N4  has  been  metallized. 
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9.  APPLICATION  FIELD  AND  LASER  PUNCTURE  ADVANTAGES 


The  laser  puncture  covers  the  filed  of  the  low  dimensions  inlet  opening  making  in  hard  fi^  materials  having  high 
hardness,  with  dielectric  properties  or  being  good  electric  conductors,  because  of  the  particularities  of  the  material  removal 
process. 

The  crystals  puncture  process  has  been  introduced  into  the  current  industrial  production,  in  order  to  obtain  small 
dimensions  iv^rings  and  screw  plates  for  wire  drawing  of  yams  and  micro-yams.  Also,  the  laser  is  us^  successfully  for 
the  making  of  the  screw  plates’  inlet  openings  for  the  obtaining  of  glass  yams,  of  some  micro-inlet  openings  networks  into 
the  ferrite  plates  for  memories,  and  for  the  process  of  some  miCTO-filters  from  super-alloys. 

The  laser’s  using  for  puncture  operations  presents  a  series  of  advantages,  comparing  with  similar  procedures  (ultrasounds, 

electron  beam,  plasma,  electro-erosion):  •  u  •  ’ 

*  there  is  no  physical  contact  with  the  pieces  to  be  processed,  the  internal  tension,  the  strains  and  the  piece  s 

wear  being  lowered  or  even  eliminated; 

*  aity  metal  could  be  processed,  regarding  its  properties  and  characteristics; 

*  high  precision  positioning  and  processing  could  be  done; 

*  the  mfliiF^nrial  thermal  zone,  a^acent  to  the  inlet  opening  is  reduced  to  a  minimum,  because  of  a  very  low 
span  of  time  of  the  procedure; 

*  inlet  openings  having  very  high  h/d  can  be  done; 

*  the  laser  puncture  process  allows  a  complete  automatization  and  the  implementation  of  the  numerical 
control; 

*  the  considerable  shortening  of  the  processing  time,  the  process  taking  place  almost  instantaneously. 

Thus,  the  laser  process  has  a  wide  spectrum  of  industrial  application  for:  the  surfece  operation  of  the  metallic  pieces,  the 
making  of  the  welding  assemblies  for  lamina,  micro-contacts  and  yams,  for  punctures,  for  cuts,  trimmings,  markings, 
engravings,  static  and  dynamic  balancing,  etc. 
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ABSTRACT 

Reactive  pulsed  laser  ablation  deposition  of  thin  films  is  a  technique  which  has  already  given  good  results  for  the  formation 
of  metal  and  semiconductor  oxide  and  nitride  films.  To  improve  the  quality  of  the  deposited  films  it  is  importante  to 
understand  the  ablation  process  and  the  materials  transport  phenomena  fi^om  flie  target  to  the  collecting  substrate.  Optical 
emission  spectroscopy  of  the  plasma  plume,  formed  by  the  interaction  of  the  laser  pulse  ( KrF  laser )  with  the  target  ( AIN 
or  TiN ),  is  generally  used  to  try  to  understand  the  reaction  mechanisms  durind  the  trasport  process.  An  hight  speed  camera 
was  also  used  to  determin  plasma  plume  expansion  velocity  and  the  total  duration  of  luminous  emission  of  the  plume.  The 
effect  of  ambient  pressure  in  the  ablation  chamber  on  the  plasma  composition  was  observed. 

Keywords:  pulsed  laser  deposition,  optical  emission  spectroscopy,  plasma  expansion 

1.  INTRODUCTION 

Pulsed  laser  deposition  (PLD)  has  been  largely  applied  to  obtain  thin  films  of  a  variety  of  materials.  This  technique  has  been 
successfully  used  for  dielectric,  semiconductor  and  high-  tem^rature  superconducting  thin  films  deposition.  Nitrides  are 
very  valuable  materials,  which  have  found  numerous  ^pUcations  ranging  from  corrosion,  radiation-resistant  coatings  to 
integrated  circuit  devices.  Aluminium  nitride  (  AIN  )  is  a  wild  band  gap  III-IV  compound  with  desirable  thprmat 
conductivity,  electrical  resistivity  and  acoustic  properties.  AIN  thin  films  can  be  a  promising  material  for  apliratinny  in 
nucroelectronics  and  optoelectrorucs  devices  such  as  passivation  and  dielectrics  layers  in  integrated  circuits,  short 
wavelenght  emitter  and  acoustic  devices'  ^  Titan  nitride  (  TiN  )  has  been  extensively  studied  for  the  diffusion  barrier  in 
advanced  integrated-circuit  devices. 

Problems  concerning  the  nature  of  species  involved  in  the  mass  transfer  fiom  the  target  to  the  substrate,  the  collision 
kinetics,  the  chemistry  with  the  background  gas  and  the  correlation  between  the  properties  of  the  deposited  films  and  the 
caracteristics  of  the  plasma  induced  by  the  laser  are  of  large  interest.  It  is  also  highly  imperative  to  control  the  plasma 
parameters,  like  velocity,  temperature  and  and  electron  and  ion  density,  in  order  to  regulate  the  ablation  process^. 

l^r  ablation,  generaly,  induces  the  formation  of  a  luminous  plasma  plume  in  front  of  the  target  that  alows  one  to  perform 
in  situ  process  monitoring.  It  is  supposed  that  chemical  reactions  of  precursor  radicals  in  the  plasma  plume  strongly  affect 
the  film  properties  and  that  time  and  space  resolved  plasma  analysis  can  contribute  to  the  understanding  of  the  deposition 
process.  There  are  several  teclmiques  for  laser-induced  plasma  diagnostic,  including  optical  ettussion  spectroscopy.  Optical 
emission  spectroscopy  is  a  useful  tool  for  in  situ  plasma  characteriration  during  reactive  PLD  when  the  presence  of  an 
antoient  gas  makes  mass  spectroscopy  impossible  (mass  spectroscopy  cannot  be  used  at  pressures  higher  than  lO"*  mbar/. 

to  atten^t  to  provide  more  information  on  the  ablation  process  in  general  and  to  assess  the  performance  of  nin-idpi  systems 
in  particular  we  have  studied  the  plume  species-specific  gas  dynamics  during  pulsed  laser  deposition  of  AIN  and  TiN.  The 
d3rnatmcs  of  the  flow  and  composition  of  the  material  ejected  from  AIN  and  TiN  targets  have  been  motutored  in  real  time  by 
optical  emission  diagnostics.  The  plume  expansion  has  been  examined  as  a  function  of  time  and  space  in  N2  ambient  and  in 
vacuum. 
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Laser  ablation  of  nitride  targets  in  vacuum  leads  to  deposition  of  films  with  a  low  content  of  nitrogen.  In  most  cases,  during 
preparation  it  is  necessary  to  have  a  supplimental  supply  of  reactive  lutrogen  for  the  loss  one,  that  occurs  at  the  stage  of 
ablation,  transport  and  deposition^. 

This  paper  presents  an  emissive  spectroscopic  study  of  the  emissive  plume  obtained  by  irradiation  of  alumiruum  nitride 
(AIN)  and  titaninin  nitride  (TiN)  targets  with  a  Nd;  YAG  laser,  in  nitrogen  (N2)  atmosphere  and  in  vacuum.  This  shirty  is 
very  useful,  considering  our  interest  in  obtaining  thin  films  and  nanosize  powders  of  AIN  and  TiN  by  laser  ablatioa 
The  purpoi^s  of  this  shirty  are  to  find  the  emissive  elements  in  visible  and  ultraviolet  domain,  which  are  into  this  plume,  to 
determine  the  ablation  process  efficiency  and  to  study  plasma  plume  expansion  in  nitrogen  atmosphere.  We  studied  changes 
that  rxirairred  in  emissive  spectra  obtained  at  different  nitrogen  pressures  and  in  varaium. 

2.  EXPERIMENTAL  APPARATUS 

The  tiiagram  of  the  experimental  apparatus  used  in  this  study  is  shown  in  Fig.  1. 


A  Nd:  YAG,  B.M.Inriustries  model  501 1-D.  NS  10  laser  was  used  as  the  energy  source  in  these  experiments.  This  laser 
produced,  at  A,  =  355  run,  monomod  pulses  of  7ns,  fi^equency  10  Hz.  The  pulse  energy,  which  was  measured  with  a  power 
calorimeter  (COHERENT  LabMaster  Ultima),  was  50  mJ  and  fluence  2  J/cm^.  The  laser  was  focused  with  a  quartz  U.V. 
grade  fused  silica,  antireflex  lents,  with  focal  length,  f  =  378  nm.  The  ablation  chamber  pressure  up  to  5x10"’  Torr,  was 
realised  using  an  prelintinary  vacuum  pump  ULVAC  D-650  K  and  a  turbomoleculara  vacuum  pump  ULVAC  UTM  150. 

We  have  used  a  Czemy-Tuner,  type  MC  -  25  NP  spectrometer,  with  resolution  of  0.08  run.  We  lave  also  used  alumittium 
nitrate  and  titanimn  nitrate  (purity  99.5  %)  targets.  In  order  to  have  a  constant  removal  rate  the  target  was  permanently 
moved  by  an  electric  motor,  during  each  experiment. 

The  experimental  parameter  varied  in  this  study  was  nitrogen  (purity  99.9999  %)  pressure  in  the  ablation  chamber.  We 
worked  at  100  mTorr,  200  mTorr  and  in  vacuum. 


3.  RESULTS  AND  DISCUSSION 

Tjigftr  ablation  of  nitride  targets  in  vacuum  or  inert  gass  atmosphere  leads  to  (teposition  of  thin  films  with  a  low  rtitrogen 
content  So,  the  problem  of  this  kind  of  deposition  is  to  assure  a  proper  rtitrogen  content  for  the  material  we  want  to  obtain. 
In  most  of  the  cases  it  is  necessary  to  use  a  reactive  nitrogen  atmosphere  in  order  to  supply  the  losses  that  occure  during 
process.  In  Order  to  obtain  more  informations  about  the  laser  ablation  process,  in  general,  and  to  improve  the 
nitrogen  content  in  the  colected  material  we  have  analysed  the  obtained  plasma  plume  composition. 
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Fig.  2  Emission  spectra  for  AIN  target,  in  vacuum  and  N2  atmosphere 

The  spectra  obtained  by  irradiation  of  aluminium  nitride  target  in  nitrogen  atmosphere  (piessiuc  of  100  mToir  and  200 
mTorr)  and  in  vacuum  are  shown  in  Fig.  2.  We  noticed  that  there  are  no  remarkable  differences  between  the  spectrum 
obtained  at  N2  pressure  of  100  mTorr  and  the  one  obtained  at  N2  pressure  of  200  mTorr.  Lines  A1 11 358.6,  A1 1 394.4,  A1 1 
396. 1  stand  out,  as  a  veiy  powerful  one,  in  the  spectrum  obtained  at  N2  pressure  of  100  mTorr.  Analysing  the  spectrum’ 
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Fig.  3  Ftnigsinn  spectra  for  TiN  target,  in  vacuum  and  Nj  atmosphere 


obtained  in  vacuum,  comparing  with  the  one  obtained  in  nitrogen  atmosphere,  one  can  notice  that  three  of  the  nitrogen  lines 
have  despaired,  A1  in  415.0  line  grows  in  intensity;  lines  A1 1 394.4  and  A1 1 396.1  have  a  lower  intensity. 

Fig.  3  shows  emission  spectra  of  the  plume  obtained  by  irradiation  of  a  titanium  nitride  target  into  nitrogen 
atmosphere  (pressure  of  100  mTorr)  and,  respectively,  into  vacuum.  There  are  no  important  differences  between  the 
spectrum  obtained  at  N2  pressure  of  100  mTorr  and  the  one  obtained  at  N2  pressure  of  200  mTorr,  as  well  as  in  the  case  of 
aluminium  nitride.  The  most  intense  lines,  that  can  be  seen  in  the  spectrum  obtained  at  nitrogen  pressure  of  100  mTorr, 
differences  between  the  spectrum  obtained  at  N2  pressure  of  100  mTorr  and  the  one  obtained  at  N2  pressure  of  200  mTorr, 
as  well  as  in  the  case  of  aluminium  nitride.  The  most  intense  lines,  that  can  be  seen  in  the  spectrum  obtained  at  nitrogen 
pressure  of  100  mTorr,  are:  Ti  1 390.4,  Ti  U  390.0,  Ti  1 375.2,  Ti  I  372.9,  Ti  II  368.5,  Ti  II  347.7,  N  ff  343.7,  Ti  ff  336.1, 
and  the  one  present  into  the  intervals  (293.3,  308.8)  and  (274.2,  284.2).  Analysing  the  spectrum  obtained  in  vacuum, 
comparing  with  the  one  obtained  in  nitrogen  atmosphere,  one  notice  that  an  important  number  of  A1  and  N2  lines  are 
missing.  Also,  the  ^pectral  lines  obtained  in  vacuum  have  a  much  lower  intensity  that  the  one  obtained  into  N2  atmosphere. 
The  only  spectral  line,  very  powerful,  witch  has  the  same  intensity,  both  in  nitrogen  atmosphere  and  in  vacuum  is  N  n 
343.7. 

Therefore,  analysing  the  time  integrated  emission  spectra  of  ablation  plume,  we  observed  that  some  nitrogen  emission  lines 
appear  only  in  the  spectra  obtained  in  nitrogen  atmosphere,  and  not  in  those  odtained  in  vacuum  conditions.  This  fact 
in^cates  a  higher  content  of  nitrogen  in  plasma  plume,  which  ejqrlaines  the  better  quality  of  the  films  obtained  in  nitrogen 
atmosphere. 
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Fig.  4  Plasma  plume  expansion 
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To  study  spatial  and  tenqwral  evolution  of  the  plasma  a  high-speed  camera  was  used.  Plasma  plunie  photoimages  at  diferent 
moments  of  time  analyses  evidence  that  the  longitudinal  plume  expansion  velocity  was  about  10  cm/s  and  the  transversal 
expansion  velocity  was  about  10®  cm/s  (Fig.  4).  The  duration  of  the  plasma  plume  emission  in  200  mTorr  ambient 

atmosphere  was  about  7ps. 

We  have  also  determined  the  ablation  rate  (quantity  of  material  ejq)elled  fiom  the  target  under  the  action  of  one  laser  pulse ) 
in  Older  to  establidi  the  efficiency  of  ablation  process.  We  obtained  a  rate  of  5  mg/pulse  at  a  laser  fiuence  of  10  J/cm  . 

3.  CONCLUSIONS 

We  reahsed  an  emission  spectroscopy  study  of  the  plasma  plume  obtained  under  the  uradiation  of  alumimum  nitride  or 
titanium  nitride  targets  with  a  Nd;  YAG  laser,  in  nitrogen  atmosphere  and  in  vacuum. 

There  are  no  important  differences  between  the  spectra  obtained  at  N2  pressure  of  100  mTorr  and  those  obtained  at  N2 
pressure  of  200  mTorr,  in  case  of  AIN,  as  well  as  m  the  case  of  TiN.  The  spectral  lines  obtained  in  vacuum  have  a  lower 
intensity  that  the  one  obtained  into  N2  atmosphere.  Analyses  of  the  spectra  obtained  in  vaOTurti,  comparing  with  those 
obtained  in  rritrogen  atmosphere,  evidences  that  same  nitrogen  lines  are  missing  in  ^ctra  obtained  in  vacuur^  both  for 
and  TiN  targets.  This  fact  inrfifates  a  higher  content  of  nitrogen  in  plasma  plume  in  case  of  nitrogen  envirement,  which 
explaines  the  higher  quahty  of  the  thin  films  obtained  in  nitrogen  atmo^here. 

The  longitudinal  plume  expansion  velocity  was  about  10®  cm/s  and  the  transversal  expansion  velocity  about  10  cm/s.  The 
duration  of  the  ptacma  plume  emission  in  200  mTorr  ambient  atmosphere  was  about  Tps. 

The  ablation  rate  was  5  mg/pulse  at  a  laser  fiuence  of  10  J/cm^. 
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ABSTRACT 

An  analysis  of  low  temperature  lineshapes  (broadenings,  asymmetries,  splittings)  for  various  absorption  lines  of 
several  RE^+  ions  from  the  beginning  Nd®+  (4f®)  and  end  of  lanthanide  series  Er^+  (4f“),  Tm^+  (4f^2)  embedded 
in  the  same  crystal,  (Y3AI5O12)  -  YAG,  known  as  important  laser  systems  for  1-3/im  emission  is  presented.  New 
aspects  of  the  dependence  of  electron  -  phonon  coupling  on  RE®"*"  ion  and  matrix  are  observed  from  the  analysis  of 
many  transitions  of  these  ions  at  low  temperature.  These  data  show  that  the  electron  -  phonon  coupling  presents  a 
symmetric  behavior  in  the  lanthanide  series,  larger  toward  beginning  and  end.  With  only  very  few  exceptions,  less 
than  2%,  the  broadenings  or  splittings  of  zero-phonon  lines  could  be  connected  to  optical  Raman  phonons  of  undoped 
lattice.  That  means  that  the  parity  of  4P  states  could  still  be  considered  a  good  parent  quantum  number,  even  if 
the  local  symmetry  has  no  inversion,  and  the  near  resonant  coupling  involves  the  even  part  of  the  electron-phonon 
coupling  operator.  Besides,  the  one  phonon  relaxation  involve  the  undoped  lattice  phonons.  For  ions  with  small  spin 
-  orbit  coupling,  the  vibronic  contribution  to  the  line  intensity  given  by  i.r.  phonons  through  a  Van  Vleck  mechanism 
could  be  important  for  spin  forbidden  transitions. 

Keywords:  linewidth,  rare-earth,  YAG 


1.  INTRODUCTION 

The  electron  -  phonon  interaction  effects  for  rare  earths  (RE^"*")  ions  in  laser  crystals  are:  multiphonon  relaxation, 
vibronic  transitions,  line  broadening,  temperature  dependence  of  the  line  position  and  width  and  phonon  assisted 
energy  transfer.  These  processes  are  important  mechanisms  governing  the  laser  emission  efficiency  or  thermal  effects 
of  RE^'*"  doped  laser  crystals.  The  electron  -  phonon  couphng  depends  on  the  free  ion  characteristics  and  on  the  host 
crystal. 

No  clear  explanation  of  the  dependence  of  electron  phonon  coupling  on  the  particular  rare  earth  ion  is  given  up 
to  now,  although  it  was  investigated  in  many  papers  (for  references  see^”'‘).  A  symmetric  behavior  in  the  lanthanide 
series  (strong  in  the  beginning  and  end,  and  weak  in  the  middle)  was  reported  in  several  papers^  “ with  a  qualitative 
explanation  given  recently.^  The  coupling  parameters  of  the  electron-phonon  interaction  are  often  determined  from 
the  temperature  dependence  of  the  linewidths  by  using  formulas  for  two  phonon  Raman  processes®’®  and  a  Debye 
model  for  phonon  density  of  states.  The  validity  of  this  model,  based  on  acoustical  phonons,  should  be  considered 
with  caution  and  there  are  many  papers  that  show  the  prevailing  role  of  optical  phonons  in  the  temperature  line 
broadening  and  shift  (see  the  references  from'^).  The  Raman  processes  are  unable  to  explain  the  blue  shift  of  some 
lines,  and  the  model  proposed  in®  is  put  under  question  in  recent  papers  connected  with  Nd®+  lines  in  several  laser 
crystals®-. 1®  The  dependence  on  RE®+  ion  characteristics  of  the  multiphonon  relaxation  rates  was  also  reported 
recently.^^’^2 

In  this  paper  an  analysis  of  low  temperature  lineshapes  (broadenings,  asymmetries,splittings)  for  various  ab¬ 
sorption  lines  of  several  RE®+  ions  from  the  beginning  Nd®+  (4f®)  and  end  of  lanthanide  series  Er®+  (4f“),  Tm®+ 
(4fr2)  embedded  in  the  same  crystal,  (Y3AI5O12)  -  YAG,  known  as  important  laser  systems  for  1-3  emission  is 
presented.  The  study  of  linewidth  of  absorption  lines  is  of  theoretical  importance  for  the  understanding  of  electron- 
phonon  mechanisms  and  of  practical  importance  since  the  development  of  diode  pumping  of  RE®+  solid  state  lasers. 
Attention  is  paid  to  near  resonant  effects^®- 1®  involving  optical  phonons,  a  theory  that  can  explain  the  linewidth 
and  temperature  dependence  of  spectral  lines,  including  the  blue  shift.  The  possibility  of  preserving  some  of  the  free 
ion  selection  rules,^^  helpful  for  the  understanding  of  the  electron  -  phonon  coupling  mechanisms  is  also  discussed. 
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Another  problem  of  study  is  if  the  doping  with  RE®"*"  ions  changes  the  dynamics  of  the  idea!  lattice  and  how  this 
affects  the  linewidths.  The  possibility  of  the  enhancement  of  the  emission  or  absorption  cross  sections  as  proposed  for 
Nd®"*"  in  YAG^®  in  the  case  of  near  resonant  electron  -  phonon  effects,  that  can  influence  spectroscopic  determination 
of  quantum  efficiency,  is  also  analyzed. 


2.  THEORETICAL  BASIS 

Inhomogeneous  and  homogeneous  linewidths  are  the  two  components  of  the  optical  spectral  linewidths.  The  inhomo¬ 
geneous  line  broadening  determines  a  finite  and  temperature  -  independent  linewidth.  The  homogeneous  broadening 
increases  with  the  temperature  and  is  mainly  due  to  interactions  between  ions  and  lattice.  Homogeneous  linebroad¬ 
ening  is  determined  by  direct  (one-phonon),  Raman  two  phonon  scattering  and  multiphonon  processes.  For  optical 
absorption  of  RE^"*"  ions  in  YAG,  at  low  temperatures,  the  multiphonon®  and  Raman  processes®’^®  have  a  small 
contribution  and  the  dominant  effect  is  expected  from  one  -  phonon  near  resonant  mechanism  involving  optical 
phonons.’’-^®  The  contribution  to  the  broadening  comes  from  both  levels  involved  in  a  transition.  Prom  the  reasons 
that  shall  be  discussed  bellow  we  shall  neglect  in  the  low  temperature  absorption  data  the  broadening  of  the  lowest 
level.  In  this  case  the  lineshape  of  a  transition  induced  by  light  of  frequency  Q,  from  an  initial  pure  electronic  isolated 
state  |i)  to  final  states  |/),  close  to  other  electronic  levels  |r)  with  A/,r  =  Ef  -  Er  >0  and  such  that  A/,r  is  nearly 
equal  to  Wfc,  a  peak  in  the  phonon  spectrum,  calculated  by  taking  into  account  the  near  resonant  electron  -  phonon 
interaction,  is  given  by^° 


/ 


_ 7+r/(fi) _ 


(1) 


where  |(i  ld|/)p  is  proportional  to  the  intensity  of  zero-phonon  line  in  the  absence  of  near  resonant  electron  - 
phonon  interaction,  d  is  the  effective  operator  of  the  optical  transition,  7  is  the  linewidth  due  to  radiative  relaxation 
and  statistical  strain,  fl/.i  is  the  electronic  transition  energy  in  absence  of  electron  -  phonon  coupling  characterized 
by  the  Hamiltonian  Ff  =  E  ^kQk  with  the  sum  on  the  phonon  modes.  At  low  temperature,  only  phonon  emission  is 

k 

active  and  the  anal)d)ical  expressions  for  width  V f  (H)  and  shift  Yaf  (O)  are  given  by 


r^(n)  =  ^>-(w)p(a;)  {[n(ai)  +  1]  6{Q  -  Clf^i  +  A/,r  -  w)}  da;  (2) 


0 

The  matrix  elements  of  electron  -  phonon  coupling  operator  I4  are  contained  in  Ar  ~  \{f\Vk  k)|^,  p(‘^)  is  the 
phonon  density,  n  (w)  -  is  the  phonon  occupation  number,  and  P  signifies  the  principal  value  of  the  integral.  If  the 
transition  is  of  induced  electric  dipole  type  by  odd  part  of  the  static  crystal  field  operator  ,  d  could  mean  an  even 
effective  transition  operator^'^  acting  in  the  4/"  basis.  In  this  case  only  the  even  part  of  the  dynamic  coupling 
operator  I4  contributes  to  Ar-  The  magnetic  dipole  transitions  could  have  also  nonzero  matrix  elements,  as  well  as 
the  dynamic  coupling  dipole  operator.^® 

If  the  near  -  resonant  coupling  is  sufficiently  strong  asymmetries  or  spUttings  of  the  spectral  lines  are  observed  in 
optical  absorption  spectra.  As  shown  these  effects  are  obtained  from  relation  (1)  with  Q-Uf^i-EfiO)  =  0, 

an  equation  that  has  more  solutions.  For  a  single  phonon  emission  such  as  A/,r  ~  <^o,  the  line  is  splitted  into 
two  Lorentz  components,  whose  intensities  and  positions  depend  on  the  electron  -  phonon  coupling  strength  and 
resQnance  degree  £  =  lA_^r  — oiq].  A  quantitative  estimation  of  the  couphng  strength  implies  the  knowledge  of 
phonon  density  around  the  peak,  which  in  the  simplest  form  could  be  taken  as  in^^  p{u))  =  a6{(j  -  (Jq)  -t-  p'  (w) , 
that  includes  a  small  deviation  p'  (a;)  from  a  S  function.  In  this  model  the  intensity  of  the  ’’zero  -  phonon”  line 
i  — ►  is  redistributed  between  the  two  components  function  on  the  ratio  gt/i  with  B  =  ^2  ^  •  The  maximum 

splitting  and  intensity  redistribution  is  obtained  for  <  1,  i.e.  very  good  resonance  (e  «  0)  and  strong  coupling. 
In  the  ragp  of  »  1  the  process  is  completely  out  of  resonance  and  the  intensity  borrowing  from  zero  phonon 
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line  drastically  decreases.  For  a  weak  coupling  and  a  good  resonance  the  splitting  of  the  line  is  very  small,  it  takes 
a  Lorentzian  form  and  the  expression  of  gives  the  probability  of  one  phonon  nonradiative  emission  or  the 

contribution  to  the  broadening  of  this  phonon  emission.  In  case  of  strong  coupling,  from  experimental  data,  the 
positions  and  intensities  of  these  peaks,  one  can  estimate:  the  phonon  energy,  the  position  of  the  electronic  level  / 
and  the  coupling  strength  that  includes  the  phonon  peak  intensity.  The  phonon  density  around  a  peak  could 
be  taken  as  having  a  Lorentz  shape.  If  one  have  near  -  resonance  with  more  phonons,  a  multicomponent  line  is 
obtained  and  the  problem  could  be  solved  numerically,  but  many  adjustable  parameters  should  be  introduced.  For 
the  investigated  ions,  at  low  temperatures,  the  ground  state  could  be  considered  isolated  since  the  Stark  structure 
of  the  lowest  multiplets  for  Nd^"^,  Er^"^,  Tm^"^  excludes  the  one  -  phonon  optical  effects  for  the  ground  levels. 

The  phonon  density  of  YAG  crystal  presents  sharp  peaks,  extends  up  to  ~900  cm“^,  but  all  the  attempts  to  give 
an  analytical  form  for  it,  in  absence  of  a  theoretical  calculation  are  disscutable.  Information  on  phonon  density  was 
obtained  from  Raman^^",^^  i.r.  spectra, neutron  diffraction^®  or  phonon  sidebands.^^  In  Ia3d  spatial  group 
of  YAG  the  optically  active  phonons  (k^O)  are  separated  in  even  -  Raman  and  odd-  i.r.  Assignments  of  YAG  optical 
phonons  have  been  tried^^~^^;  some  of  the  peaks  up  to  ^  250  cm~^  were  connected  with  the  translation  vibration  of 
dodecahedral  cations,  while  higher  frequency  phonons  mainly  with  the  vibrations  of  the  tetrahedral  group^^"  A 
problem  to  be  taken  into  account  is  the  influence  of  the  impurity  ions  on  the  vibration  modes  of  the  ideal  lattice.  The 
models  of  determining  the  phonon  density  from  the  vibronic  sidebands^  should  be  also  considered  with  attention  since 
more  mechanisms  could  contribute  to  vibronic  intensities,  especially  in  the  case  of  non-centrosymmetric  systems^® 
and  selection  rules  can  work  in  some  cases.  Since  the  RE^+  ions  enter  in  YAG  in  dodecahedral  sites  of  D2  local 
symmetry,  the  wavefunctions  of  the  static  crystal  field  are  characterized  by  irreducible  representations  of  this  group 
and  the  electron  -  phonon  interaction  operator  should  be  written  in  terms  of  local  symmetry  group.  For  our  purpose 
we  shall  simplify  the  problem  and  separate  the  electron  -  phonon  coupling  operator  I4  only  in  even  and  odd  parts. 

3.  EXPERIMENTAL  RESULTS 

Low  temperature  (T  =  10  K)  optical  spectra  in  near  infrared  and  visible  region  were  measured  on  YAG  samples 
grown  by  Czochralski  technique  and  doped  with  Nd^+,  Er^“^,  Tm^"^  with  concentrations  up  to  l-2at.  %.  The 
experimental  set-up  consists  of  a  lamp  for  pumping  and  a  set-up  including  a  computer  -  controlled  one  -  meter  GDM 
monochromator  with  resolution  of  ^0.5  cm"^,  a  S20  photomultiplier  and  a  multichannel  MGS  analyzer. 

In  D2  local  symmetry  of  YAG,  the  Stark  levels  are  either  Kramers  doublets  for  Nd^“^  and  Er^'^  or  singlets  for 
nonKramers  ion  Tm^^  and  the  above  theory  is  therefore  applicable.  The  experimental  data  at  ~  lOK  contain  hot 
bands  for  Er^"^  or  Tm^^*",  and  some  lines  present  satellite  structure  or  inhomogeneous  broadening  due  to  RE^+ pairs 
or  nonstoichiometric  defects  that  make  also  difficulties  in  the  evaluation  of  the  width. 

3.1*  Analysis  of  spectra  in  YAG 

The  absorption  data  at  10  K  of  Nd^"*"  (4f^)  in  YAG  in  the  10000-26000  cm”^  range  have  been  analyzed.  The  electron 

-  phonon  is  manifested  by  broadening  and  asymmetry  of  some  lines.  The  Nd^“^  broadened  lines  are  either  of  one 

peak  Lorentz  shape  (31  from  70  investigated  lines)  with  the  widths  up  to  --10  cm“^  or  of  anomalous  shapes  and 
much  larger  linewidths  (10-50  cm“^)  (23  from  70).  The  widths  of  the  other  lines  are  under  ^1  cm“F  A  comparison 
between  Stark  levels  splittings  (with  a  certain  error)  and  Raman^^"^^  or  i.r.^'^’^^  phonons  (see'^  Tables  6.3,  6.4)  has 
been  performed  by  a  computer  program.  The  Stark  levels  position  for  Nd^'^  in  YAG  are  close  to  those  given  in*^’^^ 
and  the  ground  multiplet  ^19/2  energy  levels  structure  assures,  at  low  temperatures,  an  "isolated”  initial  level.  The 
Lorentz  broadening  could  be  explained  by  the  theory  of  near  -  resonant  effects  discussed  above  with  Raman  phonons 
emission.  In  Fig.  1  we  present  the  absorption  spectrum  corresponding  to  ^19/2  ^F5/2  transition  at  lOK  of  a  Nd^"^ 

sample  with  ^lat.  %.  Line  (1  in  Fig.  1),  12370  cm"'^  (808  nm)  corresponds  to  absorption  band  used  for  diode 
pumping  of  Nd^"^  in  YAG.  In^®  this  transitions  is  given  as  an  example  to  support  the  idea  that  resonant  electron 

-  phonon  coupling  can  determine  an  additional  contribution  to  line  intensity,  making  possible  a  difference  between 

the  absorption  and  emission  cross  sections  of  the  same  transition.  The  broadened  line  (1  Fig.  1)  involve  a  Raman 
phonon  emission  (857  cm“^).  Diode  pumping  was  recently^®  performed  in  the  second  line  of  ^19/2  ^F3/2  transition 

that  is  also  broadened  by  one  phonon  emission  of  a  Raman  phonon  of  80  cm”^.  The  spread  of  the  measured 
widths  of  the  broadened  Lorentz  lines  are  given  in  Fig.  2,  where  the  linewidth  values  as  function  on  n,the  number 
of  /  electrons  of  RE^*^  ion  are  presented. 


234 


Figure  1,  Absorbtion  spectrum  of  Nd^+  in  YAG  (^19/2  i^5/2  tran^tion)  at  lOK. 


Figure  2.  The  dependence  of  linewidth  on  ion. 

The  Nd^"^  lines  that  present  low  intensities  and  very  large  linewidths  (10-50  cm“^)  are  those  that  correspond  to 
the  spin  forbidden  absorption  transitions  to  the  Stark  components  of  levels  ^Ki3/2+^G9/2  and  ^Kis/2. 

The  intensities  of  these  lines  are  of  about  two  orders  of  magnitude  smaller  than  the  lines  corresponding  to 
spin  allowed  transitions.  The  analysis  of  the  data  in  these  regions  show  many  resonances,  mainly  with  i.r.,  but 
with  Raman  phonons  too.  The  broadening  of  these  lines  could  be  connected  to  an  additional  contribution  given  by: 
induced  electric  -  dipole  determined  by  mixing  of  excited  states  by  the  odd  part  of  the  electron  -  phonon  Hamiltonian 

(Van  Vleck  mechanism^ . 
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YAG:  Er^^JOK 


Figure  3.  Absorption  spectrum  of  Er^*^  in  YAG  C^/15/2  ^3/2)  transition 


3*2.  Analysis  of  Er^“^  spectra  in  YAG 

The  absorption  lines  in  the  12000-25000  cm“^  region  for  Er^*^  in  YAG  correspond,  with  few  exceptions,  to  the  levels 
given  in7  The  lowest  Stark  levels  of  the  ground  multiplet  ^/i5/2  being  (0,  18,  60,  79  cm“^),  some  hot  bands  are 
observed  at  10  K.  In  this  case,  the  single  peak  Lorentz  broadened  lines  (16  from  31)  are  connected  with  Raman 
phonons  emission  too  and  the  range  of  widths  is  given  in  Fig.  2,  The  lines  with  widths  smaller  than  ~lcm“^  do  not 
involve  optical  phonons  in  the  broadening.  A  special  lineshape  presents  two  lines  corresponding  to  "^115/2  ^  "^^3/2 
transition  (Fig.  3),  where  *  denote  the  hot  bands.  The  lines  corresponding  to  '‘=Ii5/2  "^^3/2  transition  are  difficult 

to  analyze  since  they  contain  more  peaks,  but  contribution  of  the  hot  bands  too.  However,  line  A  contains  two  main 
peaks,  while  line  B  is  more  complex,  but  with  a  clear  three  peak  structure.  The  complex  shape  can  be  explained  by 
near  resonance  splitting  processes  involving  several  Raman  phonons  emission  (296,  371  cm”^  for  line  A  and  371,  440 
and  80  cm”^  with  line  B)  emission.  The  resonance  degree  with  371  and  440  cm“^is  very  good. 

3, 3.  Analysis  of  Tm^"^  spectra  in  YAG 

The  ”  zero-phonon  lines”  of  Tm^"^  absorption  spectra  in  YAG  in  the  12000-22000  cm“^  range  are  analyzed  and  due  to 
existence  of  forbidden  transitions  an  accurate  energy  level  diagram  is  necessary;  we  used  our  data.^^  The  linewidth 
range  of  one  peak  broadened  Lorentz  lines  by  Raman  phonon  emission  are  given  in  Fig.  2.  It  is  interesting  to  illustrate 
the  line  shapes  in  the  absorption  spectrum  at  lOK  corresponding  to  — >  ^G4  Tm^"^  spin  forbidden  transition  (Fig. 

4).  Besides  the  broadened  symmetric  lines,  a  clear  splitted  line  (the  inserted  one)  with  a  distance  between  peaks  of 
^^8  cm“^  is  present..  From  the  resonant  splitting  and  relative  intensities  of  two  components,  assuming  the  phonon 
density  around  the  resonance  as  a  small  deviation  from  a  6  function, one  get  the  phonon  involved  of  145  cm”^, 
the  coupling  parameter  B^/^  ~4  cm“^.and  the  position  of  the  /  level  (from  )  sit  21533  cm~^  as  shown  by  arrow 
in  Fig.  4.  In  our  previous  studies,  several  other  resonantly  splitted  lines  in  Tm^“*"  spectra  in  YAG  were  observed  and 
coupling  parameters  of  ~  4  —  5  cm“^  were  estimated. A  characteristic  of  low  temperature  Tm^"*"  spectra  are 
the  rather  intense  phonon  sidebands. 


4.  DISCUSSION 

Three  main  types  of  broadened  lines  have  been  observed  in  low  temperature  absorption  spectra  of  Nd^"^,  Er^'*', 
Tm^*^  :  (a)  single  peak  homogeneously  broadened  ”zero  -  phonon  lines”  of  Lorentz  shape  connected  mainly  with 
one  phonon  emission  by  the  near  -  resonant  electron  -  phonon  coupling;  (b)  asymmetric  lines  associated  with  near 
resonant  splitting  and  (c)  low  intensity  broad  lines.  Homogeneously  broadened  lines  of  type  (a),  with  the  widths 
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Figure  4.  Absorption  spectrum  of  in  YAG  {^H4  G4)  transition 

given  in  Fig.  2,  could  be  explained  by  emission  of  phonons  observed  in  the  Raman  spectra  of  undoped  crystal, 
exceptions  of  this  rule  do  not  represent  more  than  ^2%.  This  implies  two  conclusions:  1)  the  parity  of  the  4^ 
states  is  still  a  good  quantum  number  even  if  the  local  symmetry  (D2)  has  no  inversion,  i.e.  the  odd  static  crystal 
field  potential  cannot  destroy  the  parity  of  the  4f^  states, and  therefore,  almost  exclusively  only  the  even  part  of 
the  electron  -  phonon  interaction  Hamiltonian  gives  nonzero  matrix  elements  (near  -  resonant  effects)  as  suggested 
in^®  and  2)  for  these  ions,  at  low  concentrations,  the  coupling  involves  the  phonons  of  undoped  lattice.  A  possible 
explanation  of  the  last  observation  could  be  that  suggested  in^^  that  the  relaxation  in  case  of  an  impurity  center 
with  local  vibrations  can  take  place  by  coupling  with  lattice  phonons  of  close  energies. 

The  estimation  of  electron  -  phonon  coupling  parameters  only  from  linewidth  is  difficult  since  in  expression  (2) 
both  the  phonon  density  and  coupling  matrix  elements  are  unknown,  and  the  line  widths  contain  other  possible 
broadening  contributions.  For  these  reasons,  we  consider  that  a  spread  of  linewidth  data  obtained  for  many  different 
transitions  of  the  investigated  ions  could  give  a  trend  of  the  electron  -  phonon  interaction  along  the  lanthanide  series. 
Indeed  the  data  presented  in  Fig.  2  show  a  similar  behavior  to  that  obtained  in^""^  larger  at  the  beginning  and 
end  of  lanthanide  series  and  could  explain  the  strong  coupling  observed  for  or  in  YAG.  Some  of  the 

lineshapes  of  Er^+  and  Tm^"^  ions  (Fig.  3,  4)  could  be  explained  by  near  resonant  splittings  of  ” zero-phonon  lines’’. 

In^®  it  was  suggested  that  vibronic  coupling  in  near  resonant  condition  would  lead  to  enhancement  of  line  intensity 
and  this  could  explain  the  difference  between  absorption  and  emission  cross  sections  for  the  same  electronic  transition. 
According  to  the  near  resonant  electron  -  phonon  coupling  theory,  an  intensity  redistribution  of  the  zero-phonon  line 
i  due  to  phonon  emission  to  an  intermediate  level  r  (when  Afr  ^  (^k  )  takes  place^^”^^  either  by  broadening 
or  splitting  of  the  lines.  The  difference  between  absorption  and  emission  cross  sections  observed  for  some  Nd^"*" 
transitions  in  YAG^^  cannot  be  explained  by  such  a  mechanism.  However,  other  two  contributions  to  the  intensity 
of  a  line  could  come  from  vibronic  sidebands:  Frank  Condon  and  Van  Vleck  mechanisms. The  Frank  Condon 
contribution  connected  with  diagonal  matrix  elements  of  is  small  for  ions  and  could  be  neglected  in  the 

resonance  case.  Since  in  YAG  crystal  some  of  the  Raman  and  i.r.  phonons  have  similar  energies,  the  odd  part  of  the 
electron  -  phonon  interaction  Hamiltonian  in  case  of  RE^+  in  noncentrosymmetric  sites  contain  contribution  from 
a  Van  Vleck  mechanism^^  involving  i.  r.  phonons  and  this  could  give  additional  contributions  to  ’’zero  -  phonon 
lines”  intensities.  However,  this  seems  unlikely  in  the  case  of  Nd^*^  "^19/2(1)  ^^5/2(1)  since  the  only 

phonon  that  can  be  emitted  is  857  cm"^  and  in  most  published  works  it  is  assigned  as  a  Raman  phonon. 

Another  type  of  broadening  observed  Nd^“^  spectra  could  be  connected  to  contribution  of  electric  -  dipole  induced 
transitions  by  odd  part  of  the  electron  -  phonon  Hamiltonian  -  Van  Vleck  mechanism.^^  In  the  assumption  that  the 
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parity  is  still  a  good  quantum  number,  the  odd  i.r.  phonons  of  YAG  could  give  a  contribution  too,  connected  to  VJJ, 
the  odd  part  of  the  electron  -  phonon  interaction.  This  contribution  could  be  important  for  the  transitions  whose 
static  crystal  field  electric  -  dipole  induced  probabilities  are  negligible.  Such  cases  could  be  those  of  19000-22000 
cm"^  range  of  Nd^"^  levels,  especially  to  the  Stark  levels  ^Ki3/2+^G9/2  and  ^Ki5/2.  Our  estimations,  by  considering 
only  the  free  ion  parameters,  show  a  negligible  J  mixing  in  these  cases.  The  very  low  intensities  of  these  lines  could 
be  qualitatively  explained  by  the  relatively  small  spin  -  orbit  coupling  (  876cm~^  for  Nd^"*"),  that  determines  a  small 
intermediate  coupling  mixing  and  in  this  case  the  selection  rule  over  S  still  works.  The  contribution  of  the  static 
induced  electric  -  dipole  could  be  small  and  the  line  intensities  could  contain  either  magnetic  dipole  contribution 
and  induced  electric  -  dipole  determined  by  mixing  of  excited  states  by  odd  phonons  (Van  Vleck  mechanism).  Many 
resonances  between  the  Stark  levels  in  this  region  with  i.r.  and  Raman  phonons  are  possible.  The  Stark  splittings 
allow  also  for  some  of  these  lines  a  broadening  by  one  phonon  resonant  processes  involving  optical  phonons  observed 
in  Raman  spectra,  in  many  lines  resonance  with  more  phonons  is  possible.  Such  behavior  has  not  been  observed  for 
ions  with  larger  spin  -orbit  parameter  such  as  Er^+  (2380  cm“^)  and  Tm^+  (2630  cm“^)  where  the  spin  selection 
rules  are  relaxed  by  intermediate  coupling. 

In  conclusion,  though  for  homogeneous  line  broadening  of  rare  earths  ions  in  solid  matrices  often  the  acoustic 
phonons  contribution  is  considered,  the  analysis  of  low  temperature  spectra  of  many  lines  of  Nd^"^,  Er^+,  Tm^+  in 
YAG  outlines  the  essential  role  of  optical  phonons  in  the  low  temperature  linebroadening  by  near  resonant  electron 
-  phonon  coupling,  in  accord  with  other  recent  results. 
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On  the  evaluation  of  some  nonlinear  parameters  of  Er^iTiiLiNbOa 
waveguides  from  interferometric  and  near  field  measurements 
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University  "Politehnica”  of  Bucharest,  Physics  Department,  Romania 

ABSTRACT 

Based  on  some  experimental  measurements  performed  on  Er^  -doped  Ti:LiNb03  optical  waveguides,  this  paper  presents 

some  results  concerning  the  evaluation  of  some  nonlinear  parameters:  third  order  nonlinearities,  the  saturation  change  in 
refractive  index  using  the  low-finesse  waveguide  Fabry-Perot  resonators. 

Keywords:  Optical  waveguides,  Er^  :Ti:LiNb03,  losses,  attenuation  coefficient,  third  order  nonlinearities 

1.  INTRODUCTION 

Several  theoretical  and  experimental  papers  concerning  the  characterization  of  the  Er^ -doped  Ti:LiNb03  optical 

waveguides  using  nondestructive  methods  were  reported  in  the  last  years  .  This  considerable  interest  in  the  field 

of  above  mentioned  waveguides  is  related  to  their  potential  use  in  compact  and  efficient  monolithic  devices  (waveguide 
lasers,  optical  amplifiers,  optical  modulators,  switches,  filters)  combining  the  rare-earth  laser  gain  and  the  large  range  of 
integrate  optical  frmctions  already  demonstrated. 

Using  an  interferometric  technique  ^  the  intensity-dependent  refiractive-index  in  two-core  erbium  doped  optical  fiber  has 
been  observed  .  The  theoretical  analysis  of  this  effect  allowed  the  determination  of  some  important  nonlinear  parameters 
(i.  e.  third  order  nonlinearity)  for  this  material.  Measuring  the  contrast  of  Fabry-Perot  resonances  in  low-finesse  (end-face 

polished)  integrated  optical  resonators  it  is  possible  to  determine  an  upper  limit  of  the  waveguide  attenuation  coefficient  . 

In  this  paper  we  propose  a  new  method  for  the  evaluation  of  some  important  nonlinear  parameters^  (the  third  order 
nonlmearity,  the  saturation  change  in  refinctive-index)  using  the  low-finesse  waveguide  Fabry-Perot  resonators  . 

2.  THE  EVALUATION  OF  THE  LOSSES  AND  THE  NONLINEAR  PARAMETERS 

The  transmitted  intensity  Ij  of  a  symmetrical  monomode  Fabry-Perot  optical  waveguide  resonator  is: 

_  7’^e3q)(-aL) 

It  - - — - - z - (1) 

(l-i^)^+4i^sin^(a>/2) 

where  /q  is  the  incident  laser  beam  intensity,  q  is  the  coupling  efficiency  of  the  waveguide  mode,  T  the  end  face  mode 
transmissivity, 

R=R  exp(-aZ)  (2) 

R  being  the  mode  reflectivity  and  a  the  attenuation  coefficient  of  the  optical  waveguide  having  the  length  L . 

The  internal  phase  difference  at  the  output  ( z  =  L )  is: 
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<D(I)  = 


=  constant 

L 

=  variable 


For  small  contrast  K  of  the  Fabiy  -  Perot  resonances 

^  ~  (^max  +^min) 

2 

where  K  is  independent  of  /q  and  ii ,  the  attenuation  coefficient  is  given  by  the  relation  ; 


(3) 


(4) 


a~^^^(lni?  +  ln2-lnJi:)  (5) 

If  the  relative  intensiries  of  the  longitudinal  modes  are  known  (they  can  be  measured  with  a  conventional  optical  spectrum 
analyser)  and  these  intensities  ratios  are  stable  in  time  (during  the  period  of  measurement),  then  the  response  function  of 
the  waveguide  resonator  is  a  superposition  of  its  response  to  the  single  lines  alone.  In  this  case  (considering  that  Ae 
photodiode  is  slow  enough  to  integrate  the  difference  frequency  terms)  Eq.  (1)  is  replaced  by  a  summation  of  terms  which 
differ  only  in  the  internal  phases  O  (which  are  wavelength-dependent.)  and  intensities  /q 

Then,  measuring  the  contrast  K  of  the  Fabry-Perot  resonances  (Eq.  4)  it  is  possible  to  evaluate  the  attenuation  coefficient 
of  the  waveguide  using  Eq.  (5). 

In  a  material  characterized  by  an  intensity-dependent  refractive-index  it  is  possible  to  write: 

n  =  ni+n2l{x,y,z)  (6) 


where 

„  _pl/2  (7) 

«1  -8j 

8i  being  the  linear  (weak  field)  dielectric  constant,  I  is  the  intensity  of  the  electric  field,  x,  y,  z  define  the  position  in  the 
waveguide  (z  is  the  direction  of  propagation)  and 


represents  the  third  order  nonlinearity  due  to  Kerr  effect. 

Considering  that  for  the  optical  powers  and  index  changes  under  consideration,  the  variations  of  the  refiactiye-index 
profile  of  the  waveguide  are  small  it  is  therefore  possible  to  write  a  relation  similar  to  (6),  but  for  the  effective  index  in 
terms  of  the  power  in  the  waveguide  (the  intensity  at  any  point  being  proportional  to  the  total  power  in  the  waveguide): 


and 


wherw  C  is  a  constant  which  can  be  determined  by  solving  the  eigenvalue 
refractive-index  profile  and 


(10) 

equation  for  the  particular  waveguide 


(11) 


being  the  refractive-index  of  the  substrate. 


3+  j 

In  order  to  describe  the  intensity-dependent  refractive-index  one  considered  a  three-level  model  for  the  Er  -doped 
Ti:LiNb03  optical  waveguide  (Fig.  1),  without  taking  into  account  the  excited  state  absorption  (ESA)  .  Also,  we  have 
aggiiTTipd  that  if  all  electrons  are  in  the  excited  state  1 2) ,  then  ^nd  if  all  electrons  are  in  the  fimdamental  state 

1 1),  then  =neff\. 

Taking  into  accoimt  that  the  effective  index  is  in  weighted  proportion  to  the  concentration  of  the  fimdamental  state  1: 

iVl  =Arj-/(l+P/P5)  (12) 
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and  excited  state  2,  respectively: 

N2=Nt/{1+Ps/P)  (13) 

where  =Ni+N2  and  Ps  (the  transparency  power)  is  the  power  at  which  the  population  is  just  inverted 
(N2=  Nf  /  2 )  and  then  the  gain  is  exactely  zero,  one  obtained: 

W)=  («^2  -n^iW+Ps  (14) 


Considering  no  excited  state  absorption,  the  power  evolution  in  the  waveguide  is  determined  the  attenuation  coefficient 
(at  corresponding  wavelength)  that  is  a(o)  when  all  the  electrons  are  in  the  ground  state  and  zero  when  all  the  electrons 
are  in  the  excited  state: 

a(p)=-(l/PXd/’/<fe)  =  (iVi  /Arr)a(0)=a(0)/(l+P(z)/P5)  (15) 


Fig.l  The  three-level  model  for  the  Er^  -doped  Ti;LiNb03  optical  waveguide 
From  Eq.  (15)  one  obtained  the  power  as  a  function  of  the  positionin  in  the  waveguide: 

dP(z)/dz  =  -/>(z>x(0)/(l+P(z)/P5)  (16) 

Taking  into  account  the  excited  state  absorption 

a(p)  =  (A^i  )/  A^7a(o)+ (at  2  )/ 

=  a(0)/(l+P(z)/P5)+a(oo)/(l+P5  /P(z))  (17) 

where  a(ao)  and  a(o)  are  the  attenuation  coefficients  when  all  the  electrons  are  in  the  excited  state  and  in  the  ground 
State,  respectively,  Eq.  (16)  becomes: 

dP(z)/dz  =  -P(z)a(o)/(l+P(z)/P5)-P(z)a(oo)/(l+P5  /p(z))  (18) 

Solving  Eq.  (16)  (no  ESA)  or  (17)  (with  ESA)  for  P(z)  one  obtains  the  diference  in  phase  of  the  light  due  to  the  power 
dependence  of  the  effective  index; 

A®  =  A<I>(Z,)  =  *0  J Angj^(P(z))dz  =  A:o(”^2  i  .  p  / pt  \ 

For  a  nonlinear  waveguide  the  third  order  nonlinearity  is: 

«2  =dn/d/  =  (5^  /CqidM^  /dP)  for  P->oo  (20) 
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where  is  the  effective  pump  area  of  the  waveguide  and  ii  the  fraction  of  the  power  in  the  waveguide. 


Taking  into  account  Eq.  (14); 

dn^  fdP  =  Ps(n^2  -»^MP+Psf  -»^l)/Ps,  for  P^^ 


(21) 


and  (20)  one  obtains; 

«2  =  /Cnheff2  -nefflh 


(22) 


The  difference  “”^i)  oan  be  found  by  comparing  the  experimental  measurements  of  A®  (with  the  optical 
^pprtrmn  analyser)  for  low  and  high  power  respectively  to  predictions  from  Eq.  (16)  (no  ESA)  or  (18)  (with  ESA)  and 
Eq.  (20). 


Also,  it  is  possible  to  calculate  the  saturation  change  in  refractive-index  “siog  the  formula; 


The  effective  pump  area  is 


-  6 


(23) 


(24) 


where  Wpi,  Wp2  and  Wp^  are  the  three  Gaussian  parameters  which  characterize  the  profiles  of  the  modes  intensity 
(asymmetric  and  symmetric  (fitted)  Gaussian  distributions,  respectively)  for  depth  and  width  of  the  waveguide  mode 
(Fig.  2). 


Fig.  2  The  waveguide  mode' s  intensity  profiles 

The  fiaction  of  the  pump  power  carried  Ity  the  active  region  is; 

Tl= 

active 

surface 


where 


exp(-23;2  /r^,)- 


exp(-2x^ /lFpi);x<0 

exp(-2x^ 


rqnesents  the  fmmp  distribution  function  normalized  to  unity  over  surfrice. 


(25) 


(26) 
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3.  THE  EXPERIMENTAL  ARRANGEMENT 


The  experimental  setup  used  to  measure  the  attenuation  coefficient  and  the  near  field  of  Er ^  -doped  Ti:LiNb03  optical 
waveguides  (W),  (prepared  by  Pirelli-Cavi  Laboratories  (Milano-Italy)  by  Ti  and  Er  indifiusion  techniques)  is  presented 
schematically  in  Fig.  3.  We  u^  a  He-Ne  laser  (X=  0.63  ^m)  for  alignement  and  a  laser  diode  (L.  D.)  having  X  =  1.55 
|x  m  as  light  source,  cuopled  together  by  a  3  dB  coupler  (C)  and  focused  into  the  waveguide  by  the  lens  (L). 

The  attenuation  coefficient  was  measured  using  the  resonator  method  (Fig.  3).  The  resonator  method  proves  to  be 
especially  valuable  for  characterizing  low  -  finesse  waveguide  Fabiy  -  Perot  resonators  in  standard  crystal  orientation  to 
evaluate  the  total  loss  of  both  polarizations  (obtained  using  the  polarizer  P). 


Fig.  3  The  schematical  experimental  arrangement  for  the  measurement  of  the  attenuation  coefficient 

The  spectrum  of  the  laser  diode  could  be  measured  by  an  optical  spectrum  analyser  (O.  S.  A.).  Measuring  the  contrast 
K  (Eq.  (4))  of  the  Fabiy-Perot  optical  waveguide  (placed  between  two  optical  insulators  (I))  resonances  (Fig.  4)  it  is 
possible  to  evaluate  a  combined  loss-reflection  factor  and  thus  an  upper  limit  of  the  attenuation  coefficient  using  Eq.  (5)  in 
which  the  reflectivity  R  =  0.142. 


Fig.4  The  transmitted  intensity  of  the  waveguide 

The  transmitted  intensity  varies  periodically  with  the  optical  phase  difference  O  (Eq.  (1))  and  can  be  tuned  varying  the 
temperature  of  the  waveguide  (using  an  owen  O). 
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Using  a  fiber  placed  near  the  end  of  the  waveguide  we  measured  the  near  field  and  evaluated  the  Gaussian  parameters 
which  characterize  the  mode  intensity  profiles  in  depth  and  width  ^ . 

4.  DISCUSSION  OF  THE  RESULTS 

The  attenuation  coefScient  a  was  measured  using  the  resonator  method  presented  in  Fig.  3  and  evaluated  using  the 
Eq.  (5).  In  the  case  of  an  Er^  -doped  Ti;LiNb03  optical  waveguide  having  7.5  pm  width  and  48  mm  length  we  obtained 
a  =  1.68  dB/cm. 

Solving  numerically  the  equations  (16)  or  (18)  and  (19)  one  obtained  the  values  of  the  third  order  nomhneanty  rii  (Eq. 
(22))  and  the  saturation  change  in  refractive  index  (23)),  neglecting  the  ESA  and  taking  into  account  ESA  for 

several  values  of  the  phasp;  difference  A®  when  the  incident  power  P  is  below  and  over  the  transparency  power  P^ , 
respectively. 

The  transparency  power  may  be  determined  by  performing  the  small-signal  measureinents  and  corresponds  to  fiie  power  at 
which  the  gain  is  exactly  zero.  In  all  cases  the  power  decreases  along  the  waveguide  as  can  be  seen  in  Fig.  5  for  an 
incident  power  P  =  4  mW,  without  taking  into  account  ESA  and  considering  a  power  transparency  Ps  =  10  mW. 


Fig.  5  Theoretical  power  versus  distance,  without  ESA  consideration 

Assuming  a  phase  difference  A<t>  =  7r  and  a  calculated  value  C  =  0.14,  we  obtained  for  an  Er^  -doped  Ti:LiNb03  optical 
waveguide  characterized  by  the  Gaussian  parameters  Wpi  =  SA  ju  m,  Wp2  =  9.9  fi  m,  Wp^  =  7  m  and  q  =  0.5065  in 

the  conditions  above  mentioned  the  following  values  for  the  third  order  nonlinearity  and  the  saturation  change  in 
refractive-index,  respectively:  ^2  =  ^xlO’l^  m^/W  and  =  1.5xlo4.  Taking  into  account  the  ESA,  for  AO  =  ;r  and 

an  incident  power  P  —  0.04  W  one  obtained:  n2  =4x10  m^/W  and  ^sat  ~  4x  10 

Considering  variable  the  third  order  nonlinearity,  we  obtained  (without  ESA  consideration  and  an  incident  power 
P  =  4  mW)  versus  email  lengths  of  the  waveguide,  the  curves  presented  in  Fig.  6,  for  several  values  of  the  phase 
difference  A<l>  =  0.1;r,  n.  In,  3n,  4n . 

5.  CONCLUSIONS 

This  paper  presents  some  theoretical  and  experimental  results  obtained  in  the  characterization  of  an  Er^ -doped 
Ti:LiNb03  optical  waveguide  using  nondestructive  methods. 
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The  attenuation  coefficient  was  measured  by  the  resonator  method  using  the  heating  of  the  waveguide  in  order  to  obtain 
the  resonances,  the  obtained  results  being  in  good  agreement  with  other  published  experimental  results. 

Also,  in  this  paper  we  have  proposed  a  method  to  evaluate  the  third  order  nonlinearity  and  the  saturation  change  in  the 
refiractive-index  using  the  low-finesse  waveguide  Fabry-Perot  resonator  and  near  field 


n2lm2/wl10 


Fig.  6  The  third  order  nonlinearities  versus  distance 
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He-Ne  laser  gain  dependence  on  discharge  current  and  gas  pressure 

from  resonant  Faraday  effect 

Alina  Gearba*,  C.  Negutu,  Gabriela  Cone,  1.  M.  Popescu 
Physics  Department,  "Politehnica"  University  of  Bucharest,  Romania 


ABSTRACT 

It  is  analyzed  the  influence  of  a  longitudinal  magnetic  field  on  the  operating  mode  of  a  He  -  Ne  laser,  knowing  that  the 
magnetic  field  is  used  for  the  suppressing  of  the  X  3.39  pm,  which  is  amplificated  in  the  same  time  with  X  632.8  nm.  It  was 
used  die  Faraday  magneto  -  optic  effect  at  resonance,  so  tiiat  the  X  632.8  nm  He-Ne  laser  radiation  travels  through  a  Ne  -  Ne 
mixture,  with  the  pressures  ratio  Pae/ Pa  e  =  5 ,  in  popidation  inversion  conditions,  placed  in  a  longitudinal  magnetic  field. 
It  was  studied  the  laser  medium  amplification  coefficient  dependence  on  the  parameters:  discharge  current  intensity  and  total 
gas  pressure. 

For  the  relation  between  the  rotation  angle  of  the  polarization  plane  in  a  magnetic  field  and  the  laser  amplification 
coefficient,  in  the  He  -  Ne  mixture,  it  was  foimd  a  linear  theoretical  dependence.  By  fitting  the  eiqierimental  data,  there  are 
obtained  nonlinear  dependencies,  for  a(p)  and  a(/),  which  can  be  explained  in  the  atomic  collisions  theory. 

Keywords:  magnetooptical  effect,  gas  laser  gain,  He-Ne  laser. 


1.  INTRODUCTION 

About  forty  years  after  Javan^  constructed  the  first  He-Ne  laser  X  =  632.8  nm ,  the  excitation  and  deexcitation  processes  for 
the  levels  of  the  atomic  gaseous  neon,  which  in  a  mixture  with  gaseous  helium,  can  become  a  laser  active  medium,  are  not 
well-known. 

The  helium  atoms  in  the  gas  mixture  modifies  the  electric  discharge  conditions,  the  impurity  presence  reduces  the  electronic 
temperature  in  discharge,  reducing  the  number  of  electrons  with  high  energy  that  can  excite  the  3s2  neon  upper  laser  leveP, 
the  conditions  for  the  change  of  the  absorbing  character  in  one  amplifying^.  All  these  induce  excitation  and  deexcitation 
processes  of  the  neon  laser  atomic  levels.  One  of  the  phenomena  which  offers  information  about  these  processes  is  the 
Faraday  rotation  of  the  radiation  polarization  plane  that  propagates  through  the  laser  active  medium  situated  in  a  longitudinal 
magnetic  field.  If  the  radiation  emitted  by  a  He-Ne  laser  with  X  =  632.8  nm  propagates  throu^  an  optical  active  medium  - 
file  He-Ne  mixture  with  controlled  concentrations  -  the  absorption  and  reemission  processes  of  this  radiation  between  neon 
laser  levels  are  dominant.  Similar  processes  between  other  levels  have  so  small  probabilities,  so  we  can  neglect  them. 

We  used  the  Faraday  effect  in  resonance  conditions,  in  order  to  obtain  the  polarization  plane  rotation  of  the  radiation  emitted 
by  a  He-Ne  laser  (A.  =  632.8  nm)  in  the  optical  active  medium  -  the  electrical  discharge  in  a  He-Ne  mixture  at  a  low  pressure. 


2.  THEORY 

We  consider  a  monochromatic  radiation  with  an  angular  frequency  ©  traveling  in  a  gaseous  medium  along  an  external 
magnetic  field  B\\  z,  where  x,y  and  z  define  a  right-handed  coordinate  system  (the  Faraday  geometry).  The  light 
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propagating  parallel  to  B  is  described  by  two  different  indices  of  refraction  corresponding  to  the  circular  polarization  of  the 
positive  and  negative  helicity.  As  a  result,  the  linearly  polarized  light  traveling  through  the  sample  in  this  geometry  will 
experience  a  rotation  of  the  polarization  plane  (Faraday  rotation).  The  polarization  of  the  transmitted  light  may  also  show 
some  degree  of  ellipticity  if  there  is  significant  circular  dichroism  induced  by  the  magnetic  field.  By  convention,  rotations 
that  are  counterclockwise  vJhen  viewed  against  the  light  propagation  along  the  direction  of  magnetic  field  are  defined  as 
positive. 

The  Faraday  rotation  angle  0^  is  given  by  the  well-known  expression 

(1) 

where  co  is  the  photon  circular  frequency,  /  the  distance  in  the  medium  traversed  by  the  light,  c  the  speed  of  light  in  vacuum, 
and  the  refractive  indices  corresponding  to  the  circular  polarizations  .  The  microscopic  origin  of  the  circular 
birefiingence  (i.e.,  the  fact  that  ^n_)  is  related  to  the  electronic  transitions  experienced  by  the  atoms  in  the  presence  of 
an  external  magnetic  field. 

To  calculate  the  difference  ( -  «_  )  we  must  express  the  electric  susceptibility  •  For  an  isolated  system  in  equilibrium, 
containing  weakly  interacting  particles  in  energy  states  1 5/ ) ,  and  an  isotropic  medium, 


(2) 


where  JNT  is  the  number  of  particles  per  unit  volume,  is  the  matrix  element  of  the  electric  dipole  moment  corresponding  to 

the  state  1 5/ ) ,  and  E  is  the  applied  electric  field  in  the  medium.  At  low  pressure,  the  atomic  gases  are  composed  only  of 

atoms,  ions  and  electrons,  the  dominant  polarization  mechanism  being  electronic.  In  this  case  the  application  of  an  electric 
field  tends  to  deform  the  probability  distribution  of  the  electron  cloud  around  the  nucleus,  so  that  a  net  induced  electric 
dipole  moment  is  created. 


The  interaction  of  an  atom  with  the  optical  field  E  cos  (ot  is  described  by  the  total  Hamiltonian  H  =  Hq  +  cosco/  where 

Hq  is  the  unperturbed  Hamiltonian  of  the  atom  (the  radiation  field  is  missing)  and  cosco/  is  the  perturbation  term. 
Therefore 

kp=-pE  =  '^er„E.  (3) 

* 

All  the  matrix  equations  are  represented  in  the  vector  space  of  the  energy  states  of  Hq  .  In  the  resonant  case,  o  would  have  a 
value  close  to  the  value  of  one  pair  of  energy  levels  S„  and  S„  (in  our  case  the  laser  levels).  That  is, 


(0  =  -^ - ^  +  A(D 

h 

with  A®  «  o .  In  an  isotropic  medium  Eq.  (2)  may  be  written  as'': 


(4) 


Sm)  (5) 

where  N„  and  N„  are  respectively  the  number  of  particles  per  unit  volume  in  the  \£„)  and  |5;„)  states  at  equilibrium  and 
^nm  sre  called  the  transverse  relaxation  rates  of  the  ofT-diagonal  matrix  elements  and  are  related  to  the  lifetime  of  the  atomic 


Y  (g  iv™  I 
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levels.  At  equilibrium,  N„>N„  if  S„>  S„  and  an  electromagnetic  wave  is  attenuated  in  the  propagating  direction.  In 
certain  circumstances,  if  N„<N„  for  S„  >  S„  (population  inversion)  the  waves  are  amplified  during  their  propagation 
through  this  active  medium. 


The  refi'active  index  depends  on  the  real  part  of  the  electric  susceptibihty . 


Rexe  =- 


A® 

Zgh 


(A®)"+ri 


{S„ 


(6) 


Placing  the  isotropic  medium  in  a  dc  longitudinal  magnetic  field  B ,  it  becomes  anisotropic  and  the  difference  between  the 
refractive  indices  is  given  by: 

1  -N„)A(o 


n.  =  — 


nhso  (ao)^  +  r„-„ 


2 

1 

- 

(^n, ,n-l  1^  1  ,\i ) 

* 

k 

(7) 


where  p  is  the  magnetic  quantum  number.  A®  =  —  is  the  Zeeman  splitting,  «-  —  («++«_)  the  refi-action  index  for  B-0, 


2 

+  and  -  are  referred  to  the  radiation  emitted  for  =  4*1  and  A|i  =  —1 ,  respectively. 


If  the  wave  propagates  through  an  anisotropic  medium,  the  initial  direction  of  the  polarization  is  rotated  by  an  angle  (from 


Eqs.(l)  and  (7)): 
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In  the  case  of  an  absorbing  medium  and  0;r  <  0 ,  on  the  contrary  for  an  active  (amplifying)  medium  N„  <  N„  so 

that  ©f  >  0 .  We  can  conclude  that  the  occurrence  of  the  population  inversion  is  emphasized  by  the  change  of  the  sign  of 
the  Faraday  rotation  angle  measured  in  a  laser  active  medium. 

The  gain  of  the  laser  medium  depends  in  the  same  manner  on  the  population  inversion^  because  this  is 

proportional  to  the  imaginary  part  of  the  electrical  susceptibility  Xe ,  that  is 

(9) 
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We  can  say  that  in  a  constant  magnetic  field,  the  two  quantities  ©^  and  a„„  are  in  a  direct  proportionality.  By  measuring 
the  Faraday  rotation  ©^  as  a  function  of  the  gas  pressures  and  the  discharge  current  we  studied  the  a„„  dependence  of 
these  parameters.  The  Faraday  rotation  of  the  polarization  plane  of  the  incident  laser  beam  was  measured  by  modulating  &e 
incident  laser  beam  with  a  rotating  polarizer*.  We  applied  to  the  optic  active  medium  :  a)  an  electric  discharge  which 
populates  the  excited  levels;  b)  a  laser  beam  linearly  polarized  in  resonance  with  atomic  transition  ^  5„ ;  c)  a  static 
magnetic  field  parallel  to  the  propagation  direction  of  laser  beam  and  to  the  discharge  electric  field. 


3.  RESULTS  AND  DISCUSSIONS 

In  the  analysis  of  the  experimental  results  we  made  the  following  hypotheses;  a)  the  laser  beam  is  emitted  by  an  external 
laser  source,  independently  of  the  studied  atomic  medium;  b)  the  atomic  levels  and  £„  have  a  Zeeman  structure  defined 
by  the  angular  momentum  J„  respectively  J„ ;  c)  the  atomic  velocities  have  a  Maxwell  distribution;  d)  the  discharge  is 
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homogenous  in  ail  the  volume  and  constant  during  the  measurements;  e)  the  relaxation  mechanisms  (colhsions,  multiple 
difiRosion)  are  isotropic. 

We  used  as  parameters  the  total  pressure  of  the  gaseous  mixture  and  the  discharge  current  intensity.  In  Figs.  1  and  2  it  is 
represented  the  laser  gain  dependence  on  the  total  pressure  of  the  gaseous  mixture,  for  two  values  of  the  He  and  Ne 
pressures  ratio,  together  with  a  fitting  curve  of  the  experimental  data  and  its  derivative. 

We  chosed  the  /^hc/Pnc  ^^^o  for  vAnch  it  was  demonstrated  experimentally^  that  it  appears  the  optimal  oscillation 
conditions  of  the  He-Ne  laser  at  X  632.8  nm.  We  chosed  another  value  for  the  partial  pressures  ratio  to  compare  the  two 
laser  oscillation  conditions.  For  the  fitting  curve  we  obtained  a  function  like  a  =  Cjp(l  -  C2/?)exp[-  c^p].  In  arbitrary  units, 

the  values  of  these  empirical  constants  are  Ci=23,  C2=0.4,  C3=1.2  for  ^nd  Cj=21,  C2=0.24, 

^3=1.25  for  =10, respectively. 


0  0.5  1  1.5  2  25  3  3.5  4 

P[tofT] 


Fig.l.  The  laser  gain  dependence  on  the  total  pressure  of  the  gaseous  mixture  for  p^  ^  /  p^^  =  5 ; 
*  -  experimental  data,  -  the  fitting  curve  a  =  23 p(l  -  0.4 jp)exp[- 1 .2 /?]  and  its  derivative. 
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In  the  />He  /^Ne  =  5  maximum  value  of  a  (for  wfiich  the  derivative  is  zero)  it  is  obtained  at  p  =  0.58  torr, 

while  for  the  pne  //’Ne  =  case  (Fig.  2),  the  maximum  value  of  a  appears  at  p  =  0.66  torr.  Gordon  and  White^  reported 
that  in  dc  discharge,  for  0.6328  pm  lasers  they  obtained  optimum  gains  by  using  pD  =  2.9  ^  3.6  torr-  nm  and  pne  =  Sp^,, , 
with  p  =  pHe  +Pue,  for  laser  tubes  having  a  diameter  D  from  1  to  15  mm.  In  our  case,  D  =  6  mm,  so  pD  -  3.48  torr-  mn 

for  PHe/PNe  =  5- 

Our  result  confirms  the  Gordon  and  White  result,  a  dependencies  on  the  total  pressure,  represented  in  Figs.  1  and  2,  confirm 
the  helium  role  in  population  of  the  neon  upper  laser  level. 


PM 


Fig.  2.  The  laser  gain  dependence  on  the  total  pressure  of  the  gaseous  mixture  for  Pne/Z’Ne  — I®! 

♦  -  experimental  data,  -  the  fitting  curve  a  =  21p(l  -  0.24p)exp[-  1.25p]  and  its  derivative. 


In  Figs.  3  and  4  it  is  represented  the  gain  dependence  on  the  discharge  current  intensity,  together  with  the  fitting  curve  for 
two  values  of  the  He  and  Ne  pressures  ratio.  For  the  fitting  curve  we  obtained  an  expression  like  a  =  ~  —  -  Cl ,  vdiich  is 


251 


consistent  with  the  Gordon  and  White  experimental  result.  They  showed  that  in  the  case  of  a  gaseous  mixture  with  the  partial 
pressures  ratio  /?He//^Ne  =5,  the  population  of  the  upper  Ne  level,  3^2,  is  related  to  the  discharge  current  intensity  /  by 
AI 

«c  = - ,  where  A  and  B  are  constants. 

1  +  B/ 


0  20  40  60  80  100 

l(rTVK) 


Fig.  3.  The  laser  gain  dependence  on  the  discharge  current  intensity  for  Pn  e  / Pnc  “  ^ 

0  293/ 

and p  =  5  torr;*  -  experimental  data,  -  the  fitting  curve  a  =  — ^ - 0.1 33/ 

1  +  0.005/ 

On  the  other  hand,  the  population  of  the  lower  laser  level,  that  is,  the  2p4  Ne  state,  was  found  to  be  related  to  the  discharge 
current  by  =  C/  .  In  arbitrary  units,  we  obtained  for  the  constants  A,  B,  and  C  the  values  A  =  0.293,  B  =  0.005  and  C  = 

0.133  for  the  /^hc/Pnc  ~  ^  case  and^  =  1.2465,  B  =  0.0446  and  C  =  0.1 17  for  the  Phc/ Pnc  ~  case,  respectively.  From 
Figs.  3  and  4  we  observe  that  the  gain  coeffiecient  arrives  at  saturation  at  a  smaller  value  of  the  current  intensity  for  a 
smaller  total  pressure.  So,  for  PHe/Pwe  =5,  =80mA  at p  =  5  torr,  and  for  Phc/Pnc  =7 ,  /,^  =40mA  at p  =  0.8 

torr.  In  the  literature  it  is  mentioned,  as  an  experimental  result,  a  current  saturation  value  of  30  mA  at  p  <  1  torr . 
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KfTVK) 


Fig.  4.  The  laser  gain  dependence  on  the  discharge  current  intensity  for  f  p-^^  -  7 

0.2465/ 

and  p  =  0.8  torr:*  -  experimental  data,  -  the  fitting  curve  a  =  - — r^rrTTT  -  0. 1 1  /r  . 
^  1  +  0.0446/ 


4.CONCLUSIONS 

In  conclusion,  our  results  reproduce  the  conditions  for  the  occurrence  of  the  laser  oscillation  in  a  He-Ne  gaseous  mixture 
obtained  empirically  in  Refs.  1  and  5.  The  resuLts  may  be  useful  for  studying  die  collision  processes  among  atoms,  ions  and 
electrons  that  are  responsible  for  atomic  excitation  and  dezexcitation  of  energy  levels  which  are  involved  in  laser  transition. 
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ABSTRACT 

The  paper  presents  the  possibility  of  analysing  the  electromagnetic  field  as  a  constrained  dynamical  system.  The 
transversality  of  the  electromagnetic  waves  leads  to  difficulties  in  their  covariant  description.  The  longitudinal  and 
the  temporal  components  appear  as  unphysical  degrees  of  freedom.  In  order  to  develop  a  canonical  formalism  it  is 
necessary  to  use  a  phase  space  extended  with  ghost  type  generators.  In  this  space  the  gauge  symmetry  of  the  field 
can  be  replaced  by  a  global  BRST  symmetry.  Our  construction  will  correspond  to  a  generalized  symmetry  that  can 
be  split  in  many  pieces.  This  decomposition  could  be  very  useful  in  the  description  of  multi-interaction  processes. 

Keywords:  Constrained  system,  BRST  procedure 


lo  INTRODUCTION 

We  shall  be  interested  in  the  covariant  description  of  a  laser  radiation  passing  through  a  dense  plasma.  The  electro¬ 
magnetic  field  of  the  laser  light  leads  to  beam  generation  of  many  kinds  of  charged  particles:  electrons,  light  ions, 
and  heavy  ions.  Depending  on  the  light  frequency  and  its  intensity,  the  interactions  between  the  laser  radiation  and 
the  charged  particles  could  give  rise  to  oscillating  confined  beam,  or  could  causes  the  divergence  of  the  beam. 

The  Maxwell  equations  for  the  electric  field  and  the  magnetic  field  in  vacuo  have  the  form: 


f  div^  = 

div*#  =  6 

rot^  = 


dB 


(1) 


where  ~^'\s  the  current  density,  p  is  the  charge  density,  c  the  light  velocity  and  e  is  the  dielectric  constant. 

The  covariant  description  of  the  field  could  be  obtained  using  the  quadripotential  ,  t)  as  generalized  coordinates 

and  the  field  tensor 

Focp  =  dctAp  —  dpAcc  (2) 


In  this  case  the  equations  (1)  became: 


docFp^  -h  dpF^ct  “h  ^^F(xp  —  0 


(3) 


Some  problems  arise  in  the  regions  far  from  the  sources.  In  this  case  not  all  components  of  the  quadripotential 
Aoci'KFj  stre  independent.  In  the  Hamiltonian  description,  using  the  Dirac  terminology,  the  electromagnetic  field 
become  a  constrained  dynamical  system.  It  is  characterized  by  two  constraints: 

-the  primary  constraint: 

TfO  =  J^o  ^  Q  (4) 


-the  secondary  constraint: 


E-mail  address:  rconsta@centraLucv.ro 


=  diF^  =  0 


(5) 
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We  have  used  the  notation  7r“  =  for  the  energy-momentum  quadrivector. , 

The  constraints  (4)  and  (5)  cause  difficulties  when  a  quantum  description  of  the  system  is  desired.  At  the  first  sight, 
the  canonical  structure  of  the  theory  can  not  be  established  [1] . 

We  shall  show  in  this  paper  how  this  problem  could  be  avoided  using  a  special  method,  known  as  the  BRST  technique 
[2-5].  In  essence  this  technique  requires  the  replacement  of  the  gauge  symmetry  of  the  field  with  a  global  symmetry, 
expressed  by  a  differential  operator,  s'^.  This  operator  could  act  canonically  on  the  observables  of  the  theory  if  we 
consider  a  special  Poisson  bracket  and  a  special  operator  called  the  BRST  charge: 

5^*  =  (6) 

The  requirement  of  nilpotency  imposes  to  s^,  requirement  specific  for  any  differential,  leads  on  the  canonical  level 
to  the  master  equation: 

=  0  =>  =  0  (7) 

Generally  speaking,  the  relation  (7)  can  not  be  satisfied  in  the  initial  phase  space  of  a  constrained  system.  We  have 
to  add  new  generators  and  to  define  an  extended  phase  space.  The  new  generators  have  not  a  physical  significance, 
do  not  appear  in  the  final  estimations  of  the  theory,  and  for  this  reason  they  are  called  ghosts. 

An  interesting  feature  of  the  BRST  symmetry  is  the  possibility  of  its  extension  towards  more  general  ones.  Such 
approaches  has  been  done  in  [6-10].  We  intend  to  show  how  this  extension  work  in  the  case  of  a  laser  radiation. 
We  shall  analyze  the  case  of  a  symmetry  that  could  be  split  in  three  independent  pieces,  case  known  as  the  sp(3) 
symmetry.  The  general  frame  for  this  type  of  symmetry  will  be  presented  in  the  next  section,  and  its  application  for 
the  electromagnetic  field  will  be  done  in  the  third  section. 

2o  THE  GENERAL  SP(3)  BRST  THEORY 

Let  us  consider  a  dynamical  system  that  in  the  phase  space  Mq  =  {q\Pi  ;i  =  I, n}  is  described  by  the  hamiltonian 
and  by  the  first  class  constraints  {Goc{q,p)  =  0,q:  =  1,  The  first  class  condition  imply  the  relations: 

Gp]  =  ;  [Ho.  Gal  =  V^Gp  (8) 

The  Poisson  brackets  are  defined  so  as 

[q\vj]  =  s}  (9) 

The  structure  functions  and  V£  could  depend  on  the  canonical  variables  or  could  be  constant  as  for  the 

case  of  the  Yang-Mills  theory. 

Because  of  the  gauge  invariance,  not  all  the  coordinates  of  Mq  are  independent  and  the  canonical  quantization  is  not 
possible  in  this  space.  The  BRST  method  employs  an  extended  phase  space  that  is  obtained  by  adding  some  ghost 
variables  to  the  real  ones.  In  this  extended  space  the  theory  is  invariant  in  relation  to  a  global  symmetry,  invariance 
which  could  be  expressed  either  through  the  differential  operator  or  by  the  BRST  charge  For  an  observable 
A  one  has: 

s'^A=[A,n'^]=0 

The  nilpotency  of  asks  for  the  validity  of  the  master  equation: 

(10) 

In  the  last  two  relations  the  Poisson  brackets  must  be  defined  on  the  whole  extended  phase  space  M,  space  that  is 
generated  by  the  coordinates  of  Mq  and  by  some  canonical  pairs  of  ghosts.  The  concrete  spectrum  of  ghosts  depends 
on  the  symmetry  we  aim  to  be  satisfied.  For  example  in  the  case  of  an  irreducible  gauge  theory  the  Koszul  complex 
of  the  ghost  momenta  suitable  for  defining  a  sp(3)  symmetry  would  be  generated  by  the  variables  [11]: 

Pa  =  {Paa,'^oca,ra  ;  0:=  1, m ;  tt  =  1, 2, 3}  (11) 

The  construction  of  the  extended  phase  space  is  achieved  by  adding  to  each  generator  from  (11)  of  a  canonical 
conjugated  ghost: 

=  {Q““,  A““,  77" ;  a  =  1, m;  a  =  1, 2, 3}  (12) 
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[Q°‘\Pi3,\  =  [A““,7r^t]  =  6^6t ;  =  5|  (13) 

In  order  to  transform  the  whole  extended  phase  space  in  a  graduate  complex,  four  different  degrees  will  be  assigned 
for  each  variable,  as  well  as  for  all  the  operators  acting  on  this  complex.  For  example,  the  previous  mentioned 
variables  will  be  characterized  by: 

*  the  ghost  number  (gh): 

9h{Paa)  =  = 

9h{TTaca)  =  =  ”2 

gh{ra)  =  -9Hv'")  =  -3 

*t/ie  resolution  degree  (res): 

res{^Pcxa-)'^otai'^ct)  ~  9^i,^ oca^'^cna^'^oc) 

*  the  level  number  (lev): 

lev{Pcta)  =  '—lev{Q^^)  =  — a+  1 

lev{7raa)  =  -lev{X'^°')  =  a  -  4 
lev{Tcc)  =  —lev{rj'^)  =  -3 

Using  these  graduations,  each  variable  could  be  written  in  the  form 

{gh,lev) 

Ace  =  Aq, 

By  passing  from  Mq  to  M,  the  hamiltonian  Ho  is  to  be  changed  into  an  extended  hamiltonian  that  must  be  also  a 
BRST  invariant: 

[/f,fi^]=0  (14) 

The  equations  (10)  and  (14),  completed  with  suitable  boundary  conditions  for  and  for  H,  define  the  key  problems 
of  the  BRST  theory.  The  standard  manner  in  solving  these  two  problems  uses  the  homological  perturbation  theory. 
It  imposes  a  decomposition  of  the  BRST  charges  and  of  the  hamiltonian  according  the  resolution  degree: 

f2^  =  ^  ;  if  =  ^  H ;  res  n=  res  H=  r  (15) 

r>0  r>0 

The  Poisson  superbracket  defined  in  the  space  M  =  Pa}  generated  by  (11)  and  (12)  could  be  also  decomposed 
according  the  resolution  degree: 

3 

[A,B]  =  ;res([A,B]fc)  =  res(.4)  +  res(B)  -  k  (16) 

As  we  are  interested  now  in  the  implementation  of  a  sp(3)  BRST  symmetry,  we  shall  aim  at  a  partition  of  the  form: 

5^  =  5i  +  52  4*  S3  ^  =  111  +  Q>2  +  Hs  (17) 

In  order  to  assure  the  nilpotency  of  s^,  the  operators  s^,  a  =  1, 2, 3  must  represent  three  anticomuting  differentials: 

4“  ~  fi  (18) 

In  this  case  the  equation  (10)  will  be  equivalent  with  the  set  of  equations 

[fla,fib]=0;o,6=l,2,3  (19) 
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The  graduation  of  the  three  BRST  charges  will  be: 


gh{rta)  =  1;  cop(fia)  =  a;  lev{na)  -  a- I  (20) 

Concerning  the  resolution  degree,  the  decomposition  (15)  induces  similar  relations  for  each  fia,  a  =  1, 2, 3. 

^a,;res{Q,a)  =  ^  (21) 

r>0 

Following  the  line  of  the  homological  perturbation  theory,  the  master  equations  (19)  could  be  projected  on  different 
values  of  the  resolution  degree.  We  should  obtain  a  well  defined  problem  and  we  could  determine  the  charges  fia  if 
we  should  suit  (19)  with  the  following  boundary  conditions: 

=  “1“  ••• 

=  +  (22) 

=  +  ... 


(0) 
Cl  a 

(1) 
Cl  a 

(2) 

fia 


In  the  case  of  the  first  rank  theories,  where  the  functions  and  V£  are  constant,  the  complete  form  of  fla  is  [12]: 

+7r„at?“  +  +  (23) 

The  extended  hamiltonian  could  be  found  out  by  solving  the  problem  that  arises  when  we  extend  the  requirement 
from  (14)  and  we  ask  for  the  BRST  invariances  in  respect  to  each  individual  Qq,  : 


r  [//,n,]  =  0 

The  solution  of  this  problem,  for  the  first  rank  theories  in  the  case  sp(3)  has  the  form  [12]: 

ff  =  Ho  + 


(24) 


(25) 


We  shall  now  use  these  results  in  order  to  achieve  the  sp(3)  quantization  of  the  some  close  and  irreducible  models  of 
dynamical  systems. 


3o  THE  ELECTROMAGNETIC  FIELD 

Let  us  consider  first  the  case  of  the  abelian  gauge  field,  described  by  the  action: 

So[A^]  =  J  d^xi-^Fc^I^^)  (26) 

where  the  field  strength  is  given  by  The  action  is  invariant  under  the  gauge  transformation 

SeA^  =  d^e. 

The  canonical  momenta  =  F^o  generate  one  primary  constraint 


Gi(x)  =po  =0 


(27) 


The  density  of  the  canonical  hamiltonian  is: 


Hc{x)  =  /7o(x)  +  ylo(-“^'Pi);«  =  1,2,3 


(28) 
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with 


(29) 


Hoix)  =  \FijF^^  +  \piP^ 

The  consistency  condition  Gi=  [Gi,Hc]  «  0  leads  to  the  secondary  constraint 

G2{x)  =  -dip'  (30) 

There  are  no  more  constraints  because  G2  and  the  hamiltonian  commutes.  The  algebra  of  the  systems  is  defined  by 
the  relations: 

[G^{x),G^{y)]  =  0;u,v  =  l,2  (31) 

[Hc{x),Gi{y)]  =  G2iy)S{x-y)  ;  [Hc{x),G2{y)]  =  0  (32) 

By  comparison  with  (8)  we  could  identify: 

= » 

'^^  =  ( 2  J ) 

With  these  identifications,  the  BUST  charges  and  the  extended  hamiltonian  get  the  form: 

fia  =  Q^%aGu  +  ;  u  =  1, 2;  tt,  6,  m, «  =  1, 2, 3  (34) 

H  =  Ho  +  P2aQ^“  +  7r2o'^‘“  +  'r2'n''  ;  a  =  1, 2, 3  (35) 

A  more  extended  analyze  of  this  theory  is  presented  in  [12]. 

4o  CONCLUSIONS 

We  have  analyzed  the  possibility  of  the  covariant  description  of  the  free  elect omagnetic  field  corresponding  to  a  laser 
radiation  in  the  hamiltonian  formalism.  We  concluded  that  it  is  possible  to  implement  a  very  useful  generalized 
global  symmetry,  called  the  BRST  symmetry,  which  could  replace  the  gauge  symmetry  of  the  original  field.  The 
price  we  have  to  pay  in  this  implementation  is  connected  with  the  extension  of  the  phase  space  of  the  system  by  the 
ghost  variables. 

The  global  symmetry  is  expressed  by  the  BRST  charges,  and  the  hamiltonian  of  the  theory  have  to  be  replaced  by  an 
extended  one  of  the  form  (35).  The  remaining  problem  is  connected  with  the  choosing  of  a  gauge  fixed  hamiltonian, 
problem  which  had  been  tackled  in  [13] . 

The  important  thing  we  have  to  retain  is  that  it  is  possible  to  construct  more  than  a  sp(2)-rank  extension  of  the  BRST 
symmetry.  The  BRST  charges  and  the  extended  hamiltonian  were  minutiously  calculed  for  the  sp(4)  symmetry  in 
[12],  and  it  had  been  compared  to  the  standard  and  sp(2)  BRST  symmetry.The  demonstration  relied  on  the  first-rank 
theories, due  to  their  practical  importance  and  to  the  fact  that  their  use  allows  obtaining  complete  expression  for  the 
BRST  charges  and  the  hamiltonians.The  investigation  led  us  to  the  statement  that  it  is  not  trivial  to  extend  the 
symmetry. 
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ABSTRACT 

The  acoustic  transmission  line  model  has  been  used  for  a  quantitative  theoretical  description  of  a  resonant  photoacoustic 
(PA)  cell  excited  in  its  first  longitudinal  mode.  Based  on  this  model,  the  PA  cell  was  divided  into  a  finite  number  of 
sequential  components  represented  by  analogue  electric  circuits.  Their  specific  influence  to  the  acoustic  behaviour  of  the 
cell  is  presented.  The  parameters  of  the  cell  (the  resonance  frequency,  the  cell  constant  and  the  quality  factor)  were 
determined  and  the  results  were  compared  to  predictions  from  classical  theory  and  to  the  experimental  values.  In  order  to 
obtain  an  optimum  geometry  of  the  cell,  the  influence  of  the  buffer  radius  onto  the  resonance  frequency  and  the  quality 
factor  of  the  photoacoustic  cell  was  studied  for  a  constant  value  of  the  buffer  length  of  75  mm. 

Keywords:  photoacoustic  cell,  acoustic  transmission  line  model 

1.  INTRODUCTION 

Laser  photoacoustic  spectroscopy  represents  a  recognized  method  to  achieve  the  spectral  signature  of  molecules.  Due  to  its 
high  sensitivity  and  resolution,  it  has  been  applied  in  many  fields  of  research  like  environmental  sensing,  biology, 
agriculture  and  medicine.  This  technique  uses  powerful  modulated  sources  of  infrared  radiation  to  produce  heat  md 
subsequently  sound  effects  in  absorbing  sample,  particularly  in  gases.  The  sounds  are  then  detected  by  sensitive 
microphones  placed  inside  the  PA  cell. 

During  the  last  years,  sensitive  PA  detectors  based  on  CO2  and  CO  lasers  have  shown  their  high  degree  of  development^ 
The  simultaneous  detection  of  several  gases  at  ppb  level  using  one  apparatus^  and  the  detection  of  ethylene  concentrations  at 
ppt  leveL  are  only  two  examples  that  can  prove  this. 

The  detection  limits  of  the  PA  technique  are  mainly  determined  by  the  laser  used  as  a  radiation  source  and  by  the 
photoacoustic  cell  design.  Different  resonant  cell  types  were  realized  depending  of  the  intended  application.  Their  acoustic 
behavior  was  studied  using  the  one-dimensional  electrical  transmission  line  analogue.  The  basis  of  this  theory  was  described 
by  Morse  et  al^  and  applied  to  this  field  by  Kritchman  et  al\  An  extended  theory  with  a  matrix  formalism  which  permits 
the  quantitative  description  of  the  PA  signal  at  any  position  inside  the  cell  at  an  arbitrary  frequency  of  modulation  was 
elaborated  by  Bemegger  et  al.^ 

In  this  work,  we  present  the  acoustic  transmission  line  model  applied  to  a  resonant  PA  cell  excited  in  its  first  longitudinal 
mode.  The  dependence  of  the  cell  responsivity  on  the  resonator  diameter  is  demonstrated.  The  model  has  been  also  applied 
to  determine  the  influence  of  the  buffers  radius  on  the  quality  factor,  resonance  frequency  and  PA  background  signal. 
Quantitative  results  derived  from  this  model  are  compared  to  the  experimental  data.  Based  on  this  approach,  the  geometry  of 
the  PA  cell  can  be  optimized  in  order  to  increase  the  ratio  between  the  PA  signal  produced  by  the  gas  absorption  and  the  the 
PA  background  signal  due  to  the  windows  absorption^. 
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2.  THEORY 


2.1.  Energy  loss  processes 

A  simple  approach  to  the  calculation  of  the  acoustic  pressure  inside  a  PA  cell  and  the  frequencies  of  the  cell  sound 
resonances  can  consider  a  loss-free  model  This  ideal  model  yields  the  first  aproximation  formulae  for  the  resonance 
frequency*  and  the  cell  constant^.  The  practice  has  proved  that  the  loss  effects  produce  significant  deviation  from  the 
formulae  given  by  this  model. 

There  are  two  categories  of  losses  which  should  be  considered^^,  the  surface  losses  and  the  volumetric  losses.  The  surface 
losses  are  due  to: 

the  viscous  and  thermal  dissipation  in  the  boundary  layer  at  the  smooth  internal  surfaces; 
wave  scattering  at  surface  obstructions; 
compliance  of  the  chamber  walls; 
dissipation  at  the  microphone  diaphragm. 

The  last  three  effects  can  be  minimized  by  optimizing  the  cell  design.  The  first  loss  mechanism  is  thus  dominant  and  it 
should  be  taken  into  account.  According  to  Morse"^,  the  thermal  losses  L,h  and  the  viscous  losses  I,,  per  unit  area  per  second 


are  given  by: 

1  Id' 

*-111  -  2  ’ 
2pCo 

Lv=|pcnd,|u', 

(1) 

where: 

^  2K  . 

^th  —  and 

CL 

< 

II 

(2) 

VP®Cp 

Vpo) 

are  the  thermal  and  viscous  boundary  layer  thicknesses,  K  is  the  heat  conductivity  of  the  gas,  /?  the  density  of  the  gas,  Cp  the 
heat  capacity,  t]  the  dynamic  viscosity,  ;'the  ratio  of  the  specific  heats,  the  angular  frequency,  p  the  pressure  amplitude,  cq 
the  sound  velocity  and  u  the  macroscopic  velocity  of  the  gas. 


The  volumetric  losses  are  due  to"^: 

free  space  viscous  and  thermal  dissipation  ("Stokes-Kirchhoff '); 
diffusion  effects; 
radiation  effects; 
relaxation  damping. 

In  general,  these  losses  are  small  compared  to  the  surface  losses. 

2.2.  Acoustic  transmission  line  model 

The  pressure  amplitude  anywhere  inside  the  PA  cell  can  be  described  by  the  one-dimensional  electrical  transmission  line 
model  as  long  as  the  acoustic  wave  is  transmitted  along  the  interior  of  the  resonant  tube  and  its  wavelength  is  much  larger 
than  the  transverse  dimensions  of  the  tube"^’ 

Openings  and  constrictions  inside  the  resonant  tube  can  be  expressed  as  discrete  circuit  elements  per  unit  length  and 
uniform  yielding  of  the  tube  walls  are  considered  contribution  to  the  line  impedance.  According  to  this  theory,  the  wave 
pressure  amplitude  p  is  the  acoustic  analogue  of  the  voltage  U  and  the  total  gas  flux  Su  (with  velocity  u  through  the  cross 
section  S)  is  the  acoustic  analogue  of  the  electrical  current  /. 

The  acoustic  transmission  line  model  consists  of  sequential  components  well  described  by  the  analogous  elements.  In  order 
to  derive  the  general  relations  between  the  coupling  elements,  the  transmission  line  model  contains  only  impedances  (Z), 
admittances  (P)  and  sources.  In  this  case,  their  analogue  components  can  be  defined  using  the  analogy  to  the  AC  circuits 
theory"^. 

The  analogous  resistance  R  per  unit  length  of  a  tube  with  cross  section  S,  circumference  D  and  volume  V  is  defined  by 
considering  the  effects  of  heat  conduction  and  of  viscosity  at  the  tube  walls  (see  eq.  1-2)  expressed  by  the  power  loss  per 
unit  length  (i.e.  electrical  Rl\ 
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(3) 


R  =  :J(Lth  +Lv)=:^®[dv  +(Y-l)dth]- 

1  Xo 

The  analogous  inductance  L  per  unit  length  of  the  pipe  is  given  by  the  kinetic  energy  in  the  unity  length  of  the  fluid  (Wt= 


where  p  is  the  density  of  the  gas. 


The  analogous  capacitance  C  per  unit  length  of  the  pipe  can  be  defined  by  the  potential  energy  of  the  gas  molecules  (Wp- 


4wp=A-|sKy=^ 

P  (p)  2  pco 


where  /r,  =  — -  is  the  compressibility  factor. 

pCo 


The  differential  equations  for  the  acoustic  wave  inside  the  tube  using  the  electrical  transmission  line  model  are  given  by: 


•  =  -ZI(x), 


•  =  -U(x)Y  +  Io, 


dip  (y-OPlU 
dx  dca 


with  lo  the  acoustic  equivalent  of  an  electric  current  source  per  unit  length  of  the  tube,  Z  =  R  +ja£  and  Y  -JaC.  Here  R,  L, 
C  are  the  analogue  acoustic  elements  defined  by  the  equations  (3-5)  and  Pi  is  the  unmodulated  power  of  the  incident  laser 
beam. 

The  solution  of  (6)  is; 

U(x)  =  Zip  -  Ze (AeP’‘  -  Be'P*  )  ,  (7) 

where  =  ^Iz/Y  is  the  characteristic  impedance  of  the  transmission  line  and  p  =  the  propagation  constant.  The 
coefficients  A  and  B  can  be  determined  by  the  boundary  conditions. 

For  the  case  of  sudden  changes  of  the  tube  cross  section,  the  model  of  one-dimensional  transmission  line  is  only  partially 
valid.  As  an  example,  a  constriction  in  the  tube  (i.e.  the  change  in  cross  section  between  the  resonator  tube  and  the  buffer 
cavities)  produces  an  increase  in  viscous  energy  losses  which  can  be  represented  in  addition  by  a  lumped  impedance.  To 
correct  the  acoustic  transmission  line  model^,  the  additional  impedance  which  should  be  added  is: 


Zad  R-ad  > 


( ad:  added  lumped  circuit  element) 


tipcat] 

8S  "  d  ■ 


Another  element  which  should  be  taken  into  account  is  the  heat  produced  by  the  absorption  of  the  radiation  into  the 
windows.  This  process  gives  rise  to  a  background  PA  signal  mainly  due  to  the  thermal  expansion  and  the  partially  transfer 
of  heat  to  the  medium  in  contact  with  the  windows.  In  this  case,  in  the  acoustic  transmission  line  model  a  heat  flux  must  be 


introduced'^: 


^th^wM-w^L 


where  a,,,  is  the  absorption  coefficient,  = 


the  diffusion  length  in  the  window,  D„  the  thermal  diffusivity,  T  the 


ambient  temperature  and  K  the  heat  conductivity  of  the  window  material. 
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The  acoustic  transmission  line  model  allows  the  sequential  arrangements  of  the  electrical  elements.  Based  on  this  theory,  the 
PA  cell  can  be  divided  into  a  finite  number  of  elements  n  (“subcells”)  represented  by  analogue  electric  circuits.  The 
coupling  between  these  elements  is  determined  by  the  boundary  conditions  for  the  current  1  (gas  flux)  and  voltage  U 
(pressure), 

li(xi=0)=li_,(xi_,=li.,)  and  Ui(xj=0)=Uj_,(xi.,=li_,),  (11) 

where  /,  and  (7/  are  the  current  and  the  voltage  in  the  subcell  of  length  /,. 

Usually,  at  the  ends  of  the  PA  cells  used  for  trace  gas  detection,  the  windows  are  mounted  at  Brewster  angle.  In  the 
transmission  line  model,  the  windows  are  represented  by  impedances  Z„,  and  the  boundary  conditions  at  the  beginning  and  at 
the  end  of  the  cell  yield  two  suplementary  equations: 

U,(x,=0)=Z,„[l„,-I,(x,=0)] 

U„(x„=l„)=Z„j^+I„(x„=l„)] 

with  and  the  equivalent  currents  produced  at  the  windows  defined  by  relation  (10). 

The  influences  of  the  small  volumes  like  microphone  hole,  gas  ports  etc.  should  be  taken  into  account  in  the  acoustic 
transmission  line  by  considering  additional  electric  elements  corresponding  to  these  volumes.  For  a  duct  of  radius  rj  and 
length  /f/the  analogue  impedance  is"*: 

Zd  =  Rd  +  iffiLd,  (13) 

where 


Rd  =7^V2pa)n  In^  and  Ld=-^. 


The  input  impedance  should  be  added  in  the  transmission  line  model,  especially  in  the  case  of  the  microphones 
connecting,  together  with  the  current  4,  which  enter  in  the  microphone  space  (it  is  lost  from  the  transmission  line)  and  the 
voltage  at  the  entrance  of  the  hole  (it  is  equal  with  that  of  the  line  at  the  connection  of  the  holes  with  the  resonator).  The 
conditions  required  to  attach  these  elements  are: 

Ii(x— li)  -  I,n  —  Ii+l(Xi+i— 0),  Ui(x— Ij)  —  Uj+i(Xi+i=0)  =  U,,,,  Um  ~  Zmlm-  (15) 


Based  on  the  relations  (3)  -  (5),  the  resonance  frequency  / and  the  quality  factor  Q  can  be  calculated.  The  quality  factor  Q  is 
defined  as  the  ratio  between  the  energy  stored  in  acoustic  wave  and  the  losses  per  cycle  of  this  wave^’  Thus, 

^  .  1  Cn 


(0  =  27rf  =  - 


-coLl^ 

2 


=>  f  = 


2^^  21 


Q  =  co^, 


which  for  a  simple  pipe  configuration  (without  buffer  volumes)  gives  the  first  approximation  of  the  quality  factor: 

2S 

^"D[dv+(Y-l)dth]  ■ 

It  should  be  also  mentioned  that  the  excitation  of  the  PA  cell  at  a  longitudinal  mode  presents  the  advantage  of  the  resonance 
frequency  and  of  the  quality  factor  optimisation  independently  one  to  each  other. 

3.  RESONANT  PHOTOACOUSTIC  CELL 


An  open  stainless  steel  pipe  with  a  small  diameter  (06  mm),  introduced  coaxially  inside  a  larger  cylinder  is  used  as  PA 
resonant  cell  (Fig.  1).  In  order  to  achieve  an  optimum  signal,  the  length  of  the  resonator  was  chosen  to  be  300  mm  which 
corresponds  to  2J2  for  a  light  modulation  frequency  of  577  Hz.  It  is  excited  in  the  first  longitudinal  mode*''. 


Fig.  1.  Schematic  view  of  the  resonant  PA  cell. 
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The  acoustic  resonance  for  the  first  longitudinal  mode  of  the  cell  has  to  coincide  with  the  chopping  fi'equency.  In  this  way, 
the  most  efficient  coupling  between  the  selected  acoustic  resonance  and  the  laser  beam  can  be  assured.  There  are  many 
advantages  by  working  at  resonance  fi-equency;  e.g.  the  signal  levels  rise  above  other  noises  such  as  ambient  noise  or 
electronic  noise,  that  significantly  improves  the  signal  to  noise  (S/N)  ratio. 

Two  buffer  volumes  (057  x  75  mm),  located  at  the  ends  of  the  resonant  tube,  suppress  other  resonance  modes  and  reduce 
the  signal  produced  by  absorption  of  the  cell  windows.  The  acoustic  coupling  to  the  resonator  is  reduced  by  choosing  a  large 
ratio  between  the  buffer  diameter  and  the  resonator  diameter  and  the  buffer  length  of  1/4  of  the  resonator  length.  Both  ends 
of  the  outer  tube  are  closed  with  ZnSe  windows  (absorption  coefficient  at  room  temperature  of  0.2  m  )  mounted  in 
aluminium  holders  at  Brewster  angle.  In  this  case,  the  noise  due  to  reflection  and  absorption  of  radiation  in  the  windows  is 
minimised.  The  connection  between  the  buffers  and  the  windows  are  made  by  means  of  small  cylinders  of  minimised  length 
to  avoid  additional  resonances.  The  resonator  tube  has  polished  inner  walls  and  it  is  centred  into  the  outer  tube  by  a  Teflon 
spacer.  At  one  end  there  is  a  massive  spacer  to  prevent  the  gas  of  the  flowing  system  to  bypass  the  resonator,  while  the  other 
end  is  partially  open.  The  inlet  and  the  outlet  of  the  gas  are  placed  nearby  one  end  of  the  resonator. 

The  PA  cell  is  equiped  with  four  sensitive  microphones  (sensitivity  10  mV/Pa  each)  connected  in  series  and  placed  at  the 
antinodes  of  the  standing  wave  pattern  for  maximum  operating  signal.  In  this  way,  the  gain  in  sensitivity  is  due  to  the  fact 

that  the  signal  increases  by  4  times'^  (4  =  number  of  microphones)  while  the  noise  increases  by  2  times  (^4  )  which  yields 
an  increase  of  the  signal  to  noise  ratio  by  a  factor  of  2.  The  connecting  duct  of  the  microphones  to  the  resonator  together 
with  the  volume  in  which  the  microphone  are  placed  represent  a  Helmoltz  resonator  with  the  resonance  frequency  and  the 
quality  factor  given  by  formulae  (16  18).  The  duct  has  small  dimensions  and  it  can  be  described  with  an  inductance  and 

resistance  from  relations  (3  5). 


4.  RESULTS  AND  DISCUSSION 


For  the  PA  cell  described  above,  the  resonance  frequency  depends  on  two  important  factors,  the  cell  geometry  and  the  gas 
mixture  inside  the  cell.  For  the  first  longitudinal  mode,  the  resonance  frequency  is  calculated  to  be  equal  to  577  Hz  for  a 
sound  velocity  Co  =  346  m/s.  To  obtain  the  experimental  value  of  the  resonance  frequency  and  also  of  the  quality  factor,  a 
mixture  of  20  ppm  of  ethylene  (C2H4)  in  nitrogen  at  a  total  pressure  of  1  atm  was  used'^  Ethylene  gas  mixtures  are 
convenient  due  to  its  well  known  absorption  strength  at  CO2  laser  wavelengths.  The  strongest  absorption  of  C2H4  (about  6 
times  higher  than  that  of  other  lines)  can  be  observed  at  the  10P(14)  laser  line  (949.4793  cm'')  due  to  the  overlap  between 
various  strong  ro-vibrational  transitions  in  C2H4*^.  A  weaker  absorption  was  found  at  the  10P(12)  line  (951.1922  cm  )  of 
the  CO2  laser  and  it  was  used  for  background  checking. 

The  PA  experiments  at  the  10P(14)  laser  line  have  allowed  us  to  evaluate  the  resonance  frequency /=  560  Hz  and  the 
quality  factor  Q^xp  =  16.5,  usually  defined  as  the  ratio  between  the  resonance  frequency  and  the  frequency  bandwidth  at 

1/42  of  the  maximum'*; 


Qexp 


fres 


(19) 


For  a  simple  configuration  (without  buffers)  of  the  cell,  the  theoretical  value  of  the  quality  factor,  calculated  with  the  first 
approximation  formula®,  is  Qthi  ~  22.  The  experimentally  determined  quality  factor  Qexp  is  25  %  lower  than  the  theoretical 
value.  To  explain  this  difference  additional  losses  should  be  taken  into  account.  The  acoustic  transmission  line  model  allows 
to  evaluate  the  Q  parameter  by  considering  these  losses. 

As  it  was  mentioned  before,  the  acoustic  transmission  line  model  consists  of  sequential  components.  In  the  present  study, 
the  following  sequences  were  considered: 

the  central  component  represented  by  the  resonator  tube  (06  x  300  mm) 

2  components  placed  at  both  ends  of  the  resonator  representing  the  buffer  volumes  (057  x  75  mm) 

2  connection  elements  between  the  buffers  cavities  and  the  windows  (06  x  12  mm) 

2  components  of  the  trace  gas  ports  (08  x  30  mm) 

4  components  corresponding  to  the  microphones  connections  to  the  resonator. 

To  correct  the  acoustic  transmission  line  model  owing  to  the  changes  in  the  cross  section  between  the  resonator  tube  and  the 
buffer  cavities,  2  additional  lumped  impedances  (eq.  8  and  9)  were  included. 
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It  was  found  that  the  four  sequential  components  which  represent  the  microphone  connections  to  the  resonator  can  introduce 
significant  modifications  to  the  cell  parameters.  The  microphones  are  mounted  in  a  Teflon  ring  pulled  over  the  resonator 
tube.  The  acoustic  coupling  between  the  resonator  and  the  microphones  is  made  by  4  holes  (01.3  mm  x  1  nun).  There  is  no 
free  space  between  the  microphones  and  the  resonator  tube  which  could  produce  a  decrease  of  the  signal  and  the  quality 
factor.  It  was  found  that  this  possible  free  space  critically  influences  the  Q  value. 

All  the  components  of  the  acoustic  transmission  line  model  which  define  these  sequences  were  calculated  with  the  formulae 
(3  ^  10)  taking  into  account  the  coupling  relations  (eq.  1 1  15).  The  numerical  values  of  the  characteristics  related  to  the 

gas  properties  are  listed  in  Table  1.  Based  on  these  considerations,  the  theoretical  value  of  the  quality  factor  given  by  the 
acoustic  transmission  line  model  is  Q,h  =  19.5  (eq.  17)  and  shows  a  15  %  overestimation  by  comparison  with  the 
experiment. 


Tab.  1.  The  characteristic  data  of  nitrogen  at  room  temperature  (r=  295  K)  and  pressure  of  1  atm. 


N, 

Sound  velocity,  Co  [m/s] 

346  [19] 

Thermal  conductivity,  K  [W-m’*-K"*] 

25.52  X  10'^  [20] 

Dynamic  viscosity,  q  [Pa-s] 

17.6  X  10-* 

Mass  density,  p  [kg/m^] 

1.142 

Specific  heat  ratio  of  the  gas,  y 

1.4 

Heat  capacity,  Cp  [J-kg'*-K'*] 

1.04  X  10^ 

In  order  to  obtain  the  experimental  value  of  the  cell  constant  C^xp,  a  calibrated  mixture  of  1  ppm  of  C2H4  in  N2  at  a  total 
pressure  of  1  atm  was  used.  The  measurements  were  performed  at  the  10P(14)  CO2  laser  line  (a  =  30.4  atm'‘cm'*)^'.  Since 
the  sensitivity  of  the  microphones  Sm  is  constant  within  the  used  frequency  range,  the  measured  PA  signal  K  is  proportional 
to  the  cell  constant  [Pa-cm/W], 


C  =- 

'^exp 


caPi  S 


(20) 


Here,  V  is  the  peak  to  peak  value  of  the  photoacoustic  signal  [V],  c  the  trace  gas  concentration  [atm],  a  the  gas  absorption 
coefficient  at  a  given  wavelength  [cm'*  atm'*],  Pi  the  average  laser  power  [W]  and  Sm  the  sensitivity  of  the  microphones 
[mV/Pa]. 


Experiments  have  yielded  Cexp=  4600  Pa  cm/W  which  is  lower  than  theoretical  value  Cth=  12x10^  Pa-cm/W  given  by  the 
first  approximation  formula^.  Since  the  pressure  amplitude,  p,  is  expressed  by  the  cell  constant,  the  pressure  response 
correction  to  the  peak  value,  p^xp,  involves  a  new  evaluation  of  the  cell  constant,  C'exp,  as  a  function  on  the  experimental 
quality  factor: 

"^Pexp  ^  ^exp  ~  V2  Cgxp  •  (21) 

Vexp  Vexp 

The  results  are  shown  in  Table  2  (the  values  for  the  cell  constant  are  multiplied  by  42  ). 

Tab.  2.  The  cell  constant  and  the  quality  factor  of  the  PA  cell  (0  6  x  300  mm). 


Theory  Experiment  Correction 


(first  approx,  formula)  (acoustic  transm.  line 

model) 


(Pacm/W) 

Qtiii 

Qtii 

Cexp 

(Pacm/W) 

Qexp 

c’ 

'^exp 

(Pa-cm/W) 

12  X  10^ 

22 

19.5 

(6.5  ±  0.5)  X  10^ 

16.5  ±0.4 

(7.6  ±  0.8)  X  10’ 
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The  cell  responsivity  R  [mV  cm/W]  is  defined  as  the  magnitude  of  the  electrical  signal  produced  by  the  microphones  for  a 
unit  of  power  absorbed  by  molecules  per  unit  length, 

R  =  CSm,  (22) 

with  C  [Pacm/W]  the  cell  constant  and  Sm  [mV/Pa]  the  sensitivity  of  the  microphones. 

The  theoretical  and  experimental  values  of  the  cell  responsivity  (R)  as  a  fimction  of  different  diameters  of  the  resonator 
(for  a  resonator  length  of  300  mm)  are  shown  in  Fig.  2. 


(mV.cm/W) 


Fig.  2.  Cell  responsivity  versus  resonator  diameter  (resonator  0  6  x  300  mm). 


From  Figure  2  it  can  be  seen  that  a  small  diameter  of  the  resonator  is  suitable  to  obtain  high  values  of  the  cell  responsivity. 
Practically,  the  resonator  diameter  is  limited  by  the  laser  beam  profile  in  order  to  avoid  additional  noise  caused  by  the 
scattered  radiation.  In  this  case,  the  cell  responsivity  can  be  improved  by  using  high  sensitive  microphones.  Some  external 
Actors,  such  as  the  realignment  of  the  set-up  or  the  movement  of  the  PA  cell,  can  influence  in  time  the  cell  constant  value. 
For  this  reason,  before  starting  the  PA  experiments,  the  cell  constant  was  checked  and  adjusted  after  calibration. 

As  it  was  mentioned  before,  the  main  role  of  the  buffer  volumes  is  to  reduce  noises  produced  by  absorption  of  the  cell 
windows.  The  buffer  volumes  should  be  chosen  to  assure  a  maximum  gas  absorption  signal  with  a  minimum  PA  window 
absorption  signal.  The  influence  of  the  buffer  radius  on  the  quality  factor  and  the  resonance  fi-equency  of  the  PA  cell  was 
studied  for  a  constant  value  of  the  buffer  length  of  75  mm.  The  results  are  presented  in  Fig.  3  and  Fig.  4. 

The  sequential  elements  described  above  were  introduced  gradually  in  the  acoustic  transmission  line  model  starting  from  the 
central  sequential  component  (the  resonator).  The  corrections  were  made  taking  into  account  the  additional  lumped 
impedances  (eq.  8,  9).  The  quantitative  influences  of  the  sequential  components  onto  the  g-factor  evolution  have  been 
estimated.  Thus,  by  adding  the  gas  ports  expression  in  the  acoustic  transmission  line  model,  an  improvement  of  1  %  in 
comparison  with  experiment  of  the  g,A-factor  value  was  observed.  Moreover,  the  microphones  expression  included  in  the 
same  model  offers  an  additional  improvement  of  6  %.  As  it  can  be  seen  from  Fig.  3,  the  quality  factor  Q  was  overestimated 
by  both  models,  the  acoustic  transmission  line  model  and  the  corrected  acoustic  transmission  line  model,  respectively.  The 
corrections  introduced  did  not  offer  an  improvement. 
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Fig.  3.  Experimental  and  calculated  quality  factor  as  a  function  of  the  buffer  radius  (resonator  0  6  x  300  mm,  buffer  length  of 

75  mm). 


An  important  improvement  is  obtained  for  the  resonance  frequency  calculated  with  the  corrected  line  model  in  comparison 
with  experiment  (Fig.  4).  The  acoustic  transmission  line  yields  a  resonance  frequency  of  4  %  higher  than  the  experiment, 
while  the  corrected  model  overestimates  this  value  by  1  %.  The  value  of  the  resonance  frequency  obtained  from  the  first 
approximation  formula*  agrees  well  with  the  calculation  made  by  the  acoustic  transmission  line  model  (eq.  16)  for  large 
buffer  radii. 


Fig.  4.  Experimental  and  calculated  resonance  frequency  versus  the  buffer  radius  (resonator  0  6  x  300  mm  and  buffer  length  of 

75  mm). 
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Since  the  mavimnin  of  the  Q-factor  has  been  found  for  small  buffer  radius,  it  can  be  supposed  that  the  volumes  with  small 
radii  are  a  good  choice  for  the  PA  cell  buffers.  In  this  case,  the  coupling  between  the  PA  window  signal  and  the  resonator 
increases  and  the  standing  wave  can  not  be  confined  inside  the  resonator  tube,  but  into  the  buffers  cavities.  In  Fig.  5,  the 
window  absorption  signal  calculated  with  the  acoustic  transmission  line  model  for  six  different  buffer  radius  is  plotted. 


Fig.  5.  The  calculated  window  absorption  signal  (resonator  0  6  x  300  mm,  buffer  length  of  75  mm). 


For  small  buffer  radii  the  window  absorption  signal  becomes  stronger.  Moreover,  at  small  buffer  radii,  the  resonance 
frequency  and  the  quality  factor  drastically  decrease  (see  Fig.  4),  which  indicated  that  the  standing  wave  stretches  out  into 
the  buffer  cavities. 


5.  CONCLUSION 

The  resonant  PA  cell  was  well  described  by  the  acoustic  transmission  line  model  that  includes  the  surface  losses 
and  the  volumetric  losses.  The  results  given  by  the  model  have  showed  a  lower  overestimation  than  the  aproximative 
formulae  of  the  classical  theory  in  comparison  to  the  experiment.  Significant  improvements  have  been  obtained  for  tire 
quality  factor  and  the  resonance  frequency.  The  fairly  good  agreement  with  the  experimental  points  confirms  the  utility  of 
the  acoustic  transmission  line  model,  especially  in  the  case  of  the  resonance  frequency  determination.  The  represention  of 
the  PA  cell  by  sequential  components  of  discrete  circuit  elements  allows  to  investigate  the  main  parameters  which  are 
critical  for  the  geometrical  optimization  of  the  cell. 
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ABSTRACT 

In  many  applications  related  to  the  electromagnetic  field  analysis  in  a  cylindrical  coordinates  system  (r,z,C),  the 
following  periodic  integrals  have  to  be  calculated: 

(1  +  cos  Nudu 

4  Jo  (1-acosu)^' 

where  a  E  [0, 1],  fi  =  1/2  or  /i  =  3/2,  and  N  is  an  integer.  Usually,  the  calculation  of  these  integrals  is  made  by 
recurrence  relations.  Unfortunately,  for  k  =  v^2a/(l  less  than  0.4  and  N  greater  than  4  the  recurrence  relations 
yield  incorrect  results.  We  have  developed  a  very  accurate  method  to  calculate  these  integrals  as  solutions  of  a 
hypergeometric  differential  equation.  For  any  k  and  N  up  to  50, these  integrals  have  been  computed  exactly  up  to 
the  ninth  digit  (  in  double  precision).  This  approach  to  calculate  the  periodic  integrals  has  been  used  forstability 
analyses  in  toroidally  symmetric  tokamak  discharges  todetermine  of  the  vacuum  field  resulting  from  the  perturbation 
of  a  toroidally  symmetric  plasma. 

Keywords:  electromagnetic  fields,  hypergeometric  differential  equations,  tokamak 

INTRODUCTION 

Let  us  consider  an  axisynunetrical  torus  with  a  arbitrary  cross-section,  including  a  singular  X  point,  in  a  cylindrical 
coordinate  system  (r,  2:,C)-  By  noting  with  I  a  contour  coordinate  in  the  plane  r,z,  and  with  the  subscript  N  the 
Fourier  series  development  with  respect  to  the  azimuthal  (toroidal)  direction  C,  the  normal  component  of  a  magnetic 
field  at  the  torus  can  be  written  as 


Bn{r,z,C)  =  BnNir,z)e  =  S„jv(/)e 

(1) 

From  potential  theory^ it  is  known  that  for  the  normal  component  of  the  magnetic  field  we 
integral  relation 

have  the  following 

2ir<TN{l)  +  ^  crNil')KN{l,l^)dl^  =  Bnjv(0> 

(2) 

with 

bnNM  =  nr(/)6rjv(/,n 

(3) 

where  and  n*  are  the  components  of  the  normal  vector,  while  brN  and  bzN  are  the  r  and  z  components  of  the 

magnetic  field  given  by  a  unit  surface  charge  <r.  The  (r,z)  coordinates  represent  the  field  point,  while  the  (r',2') 

coordinates  represent  thesource  point. 

Outside  of  the  torus,  the  magnetic  field  is  completely  described  by  giving  the  normal  component  of  the  magnetic 
field  at  the  location  of  the  torus  surface.  Thus,  the  normal  component  of  the  magnetic  field  JB  •  Va  is  the  required 
boundary  condition  for  solving  for  the  magnetic  field  outside  the  torus.  J  is  the  Jacobian  of  the  (a,  C)  coordinates 
(which  can  be  any  set  of  toroidal  coordinates  in  which  the  boundary  of  the  torus  is  defined  by  a  =  const).  The 
quantity  JB  •  Va  has  units  of  flux,  Volts  seconds. 

This  paper  deals  with  the  determination  of  some  periodic  integrals  arising  in  the  determination  of  the  toroidal 
harmonics  of  the  magnetic  field. 
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2.  MAGNETIC  FIELD  AND  SCALAR  POTENTIAL  CALCULATIONS 

For  the  r  euid  z  components  of  the  magnetic  field  the  following  relations  cam  be  written® 


6rJV  = 


r  [(r  +  r'Y  +  (z-  [r®  +  r'Z  +  (z  -  2')^] 

X  { [r®  -  r'®  -  (2  -  2')^]  Dn  +  [r®  +  r'®  +  (2  -  z')®]  Cjv}  , 


where 


b  ~  4r'(2^  —  z')  ^ 

"  [(r  +  r'Y  +  (2  -  z'Yf'^  [r®  +  r'Z  +  (2  -  z')®] 


(1  +  cosNudu 


(1  —  ocosw)^/®’ 


z,„=(i±^r 


f  cos  Nudu 
4  Jo  (1  —  a  cos  ’ 


r2+r'2  +  (ir_z')2‘ 

The  connection  with  the  usual  definition  of  the  modulus  k  of  the  complete  elliptic  integrals  is  given  by 

,  2  _  2a  _  4rr' 

~  1  +  0  “  (r  +  r')2  +  (2-2')2' 

Similarly,  the  scalar  magnetic  potential  can  be  put  in  the  form 

2,0  =  ^Nir,  z)er*^^, 


where 


=-/ 


r'  cos  Nudu 


Jo  [r^  +  r  2  ^{z-  zy  -  2rr'  cos  u]  1/2  [r2  +  r'2  {z  -  z)2]i/2 ’ 

is  the  scalar  potential  given  by  a  unit  charge. 

3.  CALCULATION  OF  THE  Cn  AND  Dn  INTEGRALS 

For  the  Cjv  and  Djv  integrals  of  Eqs.  (6)  and  (7),  we  have  found  the  following  recurrence  relations 

Co  =  K{k), 


_  [K{k)-{l-a)E{k)] 


^  ANCnIo  -  (2JV  -  1)Cn-i] 

= - wn - ’ 
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(12) 


„  {2N  —  l)(aC'j\r_i  —  Cn) 

> 

where  K{k)  and  E{k)  are  the  complete  elliptic  integrals  of  first  and  second  type,  respectively. 
A  second  type  of  recurrence  relation  can  be  deduced  by  considering  the  integral 

1  /'2>r  cosWm  .  .»r  cos2JVti 


COS  Nu 

(1-PC0S2  1)3/2' 


(1  ~  sin^ 


We  have  found  that  the  relation  with  integral  i^jv  is  given  by 

Gn  =  (1  H-  a)i^jv- 

For  the  Gn  integral,  the  following  recurrence  relations  has  been  deduced 

GN+i{k)  =  2j\r-l  Jfe2  GN{k)  - 


=  (16) 

On  the  other  hand,  starting  from  the  definition  of  integral  Dff,  the  integral  Cn  can  be  eicpressed  with  the  help  of 
integrals  Dn  by 

Cn  = 

and  thus,  a  recurrence  relation  can  be  written  for  Cn  too. 

Even  if  the  second  recurrence  relation  works  better  than  the  first  one,  for  k  <  0.4  and  TV  >  4,  it  yields  incorrect 
results.  The  explanation  is  that  a  three  term  linear  recurrence  relation  of  the  form  given  by  Eq.  (11)  or  Eq.(15)  has 
two  linearly  independent  solutions.  Only  one  of  these  corresponds  to  the  sequence  of  functions  that  we  are  trying  to 
generate.  The  other  one  may  be  exponentially  growing  in  the  direction  that  we  want  to  go,  or  exponentially  damped, 
or  exponentially  neutral.  If  it  is  exponentially  growing,  then  the  recurrence  relation  is  of  little  or  no  practical  use  in 
that  direction.  Unfortunately,  this  is  the  case  we  are  dealing  with. 

In  the  following,  the  Cn  and  Dn  integrals  will  be  calculated  as  solutions  of  a  hypergeometric  differential  equation. 
Let  us  use  the  following  notations: 


2ir 

.  ..  V  f  cosNu  , 

An  =  /(a)  /  j: - 

J  (1  —  acosu)^/-^ 


2ir 

_  ,,  X  f  cosJVtt  J 

Bn  =  /(a)  /  - \372““> 

J  (1  —  Q;COStt)3/2 


where  /(a)  is  a  function  of  a  only  and  has  to  be  chosen  in  such  a  way  so  as  to  obtain  a  differential  equation  of  second 
order  in  An  to  “fit”  as  well  as  possible  with  the  differential  equation  satisfied  by  some  known  special  function. 
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By  using  the  above  definitions  ,  and  considering  the  multiple-angle  relation 


we  obtain 


cos(i\r«)  =  2  cos(iV  —  l)u  cos  u  —  cos{N  —  2)u, 


Bn  =  — {N  —  +  BAr-2- 

a 


The  relations  between  An  and  Bn  are  the  same  as  those  between  Cn  and  Dn,  namely 

■An  =  ^  {Bn-1  -  Bn+i)  , 


An  =  Bn  -  —  (Bjv+i  +  Bjv-i) , 


tt-Siv+i  —  Bn  =  —  (2i\r  -f  1)An, 


Bn  —  qBn-1  =  (1  —  2N)An, 


~  (“-Aw+i  -  An)  ■ 


The  derivative  of  An  with  respect  to  a  is 


where  /'  is  the  derivative  of  /  with  respect  to  a.  But  due  to  Eq.  (24) 


dAN  _  (f  1  ^  .  1  2JV  +  1,  ,  ,  , 

[/'  1  2JV  +  1  1  ,  .  2N+\  , 

[  /  2a  2a(a2  -  1)  J  2(a2  -  1)  ' 


By  multiplying  Eq,  (26)  with  2(a^  —  l)/(2Ar  -h  1)  and  differentiating  then  with  respect  to  a,  we  obtain 


therefore 


d  r2(a2-l)dAjv]  ^  d  r2(a2-l)  /f  1  2iV  +  l  \  1 

<ia[2j\r  +  l  da  J  da[2JV  +  l  \f  2a  2a(a2  -  l)j  ■* 

d  r2(a2-l)d^iyrl  _  d  r/2(a2-l)/'  a2-l  1\  1 

daL2JV  +  l  da  J  da[V2JV  +  l  /  a{2N  +  l) 


dd4jv+i 


dAN-^i 

da 


From  Eq.  (25)  we  obtain 


dAN-^i 

da 


■(f-a 


An-\-i  +  "^Bn^i  • 


From  Eq.  (26)  we  obtain 


_  2(a^-l)dAN  r2(a2~l)/'  ~  1  1]^ 

2i\r-hl  da  [2N^l  f  a{2N^l)  aj 
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dAs+i 

da 


2{cP  —  1)  /'  a^  —  1  1  dAfi 
2N  +  1  7  a(2iV  +  l)J  da 

'2(a^-l)  {f'Y  f  2(a^ 

2N  +  1  V7/  a/  2iV 


D/fV  f  2(a^-l)f  0^-1  1  . 

1  af  2N  +  1  f  2a^2N  +  l)  2x3? 


We  have  to  find  Bjv+i  as  a  function  of  j4jv-  R:om  Eq.  (22)we  obtain 


Bjv+i  =  -[Bjv-(2iV  +  l)Ajv]. 

a 


Prom  Eq.  (22)  and  (25)  we  obtain 

Sjv+i  =  2 

=  2 


dAiv  (r  n 

da  \  /  2a/ 

dA^ 

da  \  /  a) 


A  2JV  +  1. 

An - An 

a 


Introducing  Sjv+i  ia  the  expression  of  dA-N+x  / da,  we  obtmn 

dAN+X  ^  0^-1  I  1] 

da  2iV  +  l  /  a(2JV  +  l)  a. 


2(a2-l)/'  0^-1  1]  dAw 

2N  +  1  f  a(2JV  +  l)‘^aJ  da 


2(o?  -  1)  /  J 

rv  2a^-i  r 

a2-l 

2JV  +  l' 

2N  +  1  V, 

f)  a(2N  +  l)f 

2a2(2JV  +  l) 

2a2 

Introducing  Eq.  (28)  in  Eq.  (27)  we  obtjun 

2(a^-l)  y,  ,  4a 
2jV  +  l  ^  2isr  +  l 


0^-1 


4(a^ 

-1)/' 

4- 

2(a^  - 1)  ■ 

Aar 

2N 

+  1  / 

a(2JV  +  l). 

r 

4(0^- 

1) 

rn\_ 

4a 

f 

2iV  + 

1 

\fj  '  2N  +  : 

1 

2N-1 

Ajv  =0, 


and  after  some  simplifications,  the  differential  equation  of  second  order  (30)  with  An  as  unknown  is  obtmned. 
(o»  -  lMX,+  [2o+^^-2(«»-l)£].4i, 

By  choosing  /  =  (7  (a  constant),  we  obtain 

a^ia^  -  1)A%  +  a(3a^  -  1)A  +  An  =  0. 

To  simplify  the  solution,  we  have  made  the  following  substitutions 

x  =  o^;  Ajv(a)  == 
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obtaining  a  differential  hypergeometric  equation 


x(l-ar)«;;f  +  [iV  +  l-(JV  +  2)ar]tt5v-i  N{N  +  2)  +  ^  «jv  =  0, 
with  the  following  parameters 

Therefore,  one  of  the  solution  of  the  differential  equation  in  is 

A]f=  2-Fi  [o,?>;c;2]q!^. 


The  second  solution  of  the  differential  equation  has  the  form 


A%  =  2Fi(a,6;JV  +  l;o2)hi(o>^  +  a^5]^|^^^[V>(a  +  n)-^(o) 

+tpib  +  n)  -  il){b)  -  + 1  +  n)  +  ipiN  + 1)  -  ^(n  + 1)  +  ^>(1)] 

(n-l)!(-JNr)„ 


where 


(33) 


(34) 


(35) 


{P)n  —  +  1)(^  +  2)...()5  +  71  —  1), 

and  Ip  is  the  logarithmic  derivative  of  the  Euler  integral  of  the  second  kind^ 

W»)  =  |tor(.). 

Thus,  the  integral  Cn  (Eq*  (H)),  has  the  expression 

c„  =  {N)A),{a)  +  fe2(iV)^^(a)] ,  (36) 

where  }z\  and  are  function  of  N  only.  Considering  ol  infinite,  the  first  term  and  the  infinite  sum  in  the  expression 
of  the  second  solution  vanish,  while  the  finite  sum  presents  terms  going  to  infinity  (i.e.,  they  do  not  cancel 
reciprocally)  for  n  >  iV/2.  But  as  Cn  is  the  solution  of  the  differential  equation  for  any  a,  k2  has  to  vanish,  and  Cn 
becomes 

Cn  =  iF.  [i  (jv  +  2)  ,  +  1)  ;  JV  + 1,  .  (37) 

In  the  last  equation  we  have  replaced  the  notation  ki{N)  by  k(N).  To  obtain  the  expression  of  k{N),  we  will  consider 
in  Eq.  (18)  /jv(q!)  =  /(a)  ^  1.  Thus,  An  can  be  written  as 

Ajv  =  k(N)fN{a)<^  2E1  [5  (^  +  I)  ,  i  (iV  +  i)  ;  JV  + 1;  0=^'  . 

The  derivative  of  An  with  respect  to  a  is  given  then  by 

=  HN)  [(/n  +  cfM  «"-■  ,F.  +  /„.'•+>  (iV  +  0  (w  +  1)  , 

where  the  following  notations  have  been  used 

7F<‘>=  ,F,[l(Ar+0.1(j7  +  2);jV  +  2;a*'. 
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By  introducing  the  expression  giving  An  in  Eq.  (26)  the  following  equation  is  obtained 

k{N)  I  i  (l  +  (n  +  0  (^  +  1) 


(38) 


where 


To  obtain  itifnrmat.inn  on  coeffident  k(N)  for  the  a  =  0  case, equation  (38)  must  be  reduced  by  o;^.  By  choosing 
/Af(a)  =  1,  one  obtains 

‘w  ^  ^  I)  “^‘‘”1 = 

For  a  =  0,  the  following  recurrence  relation  is  obtained 

Considering  Eq.  (37),  and  taking  into  account  that  Cb  ==  K^k),  it  follows  that  k{0)  =  2tt.  Therefore,  Eq.  (39) 
becomes 

(40) 


W  =  2i^r(jv+i), 


while  Cpf  is  given  by  the  relation 


^  v'^l  +  a) 
Cn=  2N\ 


Prom  relation  (24),  we  obtain  the  necessary  relation  for  Dn 

By  using  this  method,  the  CW  and  Djv  integrals  have  been  computed  exactly  up  to  the  ninth  digit  (double  precision) 
for  any  k  and  for  N  up  to  50. 


4.  CONCLUSIONS 

A  reliable  accurate  numerical  method  for  solving  Laplace’s  equation  with  Neumann  boundary  conditions,  for  a 
toroidally  symmetric  configurations  with  arbitrary  torus  cross-section,  was  described. 

A  new  form  of  the  normal  component  of  the  magnetic  field  in  a  toroidally  symmetric  configuration  has  been  derived 
in  terms  of  the  solution  of  a  hypergeometric  differential  equation,  which  is  also  appropriate  in  the  large  toroidal  mode 
number  limit. 

The  presented  approach  to  calculate  the  periodic  integrals  has  been  used  for  stability  analyses  in  toroidally  symmetric 
tokamah  discharges®’®  to  determine  of  the  vacuum  field  resulting  from  the  perturbation  of  a  toroidally  83mmetric 
plasma. 
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ABSTRACT 

A  self-healing  He-Se  laser  tube  has  been  developed.  It  was  all  Pyrex,  60  cm  active  length,  2  mm  ID.  The  laser  beam 
consisted  of  seven  green  lines  28  mW  total  power.  We  have  examined,  by  perturbation  spectroscopy,  the  existence  of 
amplification  along  the  laser  tube  axis.  The  experimental  set-up  consisted  of:  laser  tube,  two  laser  mkrois  dielectrically 
deposited  for  full  reflection  on  500  ±  50  ran  spectral  region,  a  grating  monochromator  0.2  ran  resolution,  a  chopper,  an 
EMI  9558QB  photcHnultiplier  and  a  lock-in  amplifier.  The  spontaneously  emitted  li^t  in  the  perpendicular  direction  to 
the  tube  axis  has  been  monitored.  The  laser  radiation  field  that  exists  in  the  active  medium  involves  flie  decreasing  of  the 
upper  laser  level  population  and  thus,  the  intensity  of  flie  corresponded  spontaneously  emitted  line  decreases  too.  Using 
the  chopper,  the  laser  beam  is  periodically  interrupted  so  that  a  modulation  of  the  intensities  of  the  spectral  tines  appears. 
The  signal  sign  is  opposite  for  amplification  and  absorption,  respectively.  By  this  technique,  we  have  observed  the 
presence  of  an  absorption  region,  placed  inside  the  metal  reservoir,  just  where  the  metal  vapors  penetrate  the  discharge. 
Taking  into  account  the  energies  of  the  involved  levels,  we  have  proposed  a  probable  reaction. 

KQnxrords:  metal  vapor  laser,  gas  laser,  positive  column  discharge  and  emission  spectroscopy. 

1.  INTRODUCTION 

The  first  cw  laser  action  in  He-Se  mixture  was  observed  and  reported  by  Silfest  and  Klein'-^  on  many  wavelengths  in 
visible  and  near  infiared  region. 

The  m^  vapor  laser  is  not  entirely  understood.  Because  of  complex  design  and  materials  this  kind  of  laser  is  very 
expensive  and  is  not  commercial.  We  believe  that  a  more  simple  laser  tube  make  this  laser  more  interesting  and  nsefiil 
So,  we  have  studied  an  all  Pyrex  He-Se  laser  tube,  and  the  results  were  very  good. 


The  Seg  molecul^  are  normally  present  in  the  gas  mixture.  When  the  temperature  is  about  1500  K,  the  Sea  molecules 
become  the  dominant  particles.  For  the  low  temperature  of 260  *C  the  vapor  pressure  of  selenium  is  about  5x10'^  Torr^. 
Such  vapors,  present  in  an  electric  gas  discharge,  will  be  broken  in  selenium  atoms  by  the  electron  collisions.  The  same 
mechanism  will  develop  a  high  density  of  positive  selenium  ions,  which,  by  cataphoresis,  penetrate  the  active  region  of 
the  discharge  moving  to  cathode. 

The  energy  level  (tiagram  of  Se"^  shows  many  levels  for  electronic  configuration  4s^4p^5p,  whose  energies  are  very  close 
to  those  of  die  He"^  ground  state'*.  These  levels  are  highly  populated.  It  is  known  that  a  charge  transfer  process  between 
the  ground  state  Se  atcans  and  He"*"  ions  takes  place  according  to  the  reaction: 

He^  +  Se  ->  He  +  (Se^*  +  AE  (1) 

Ute  ^cay  of  selenium  excited  levels  is  predominantly  radiative  to  levels  corresponding  to  electronic  configuration 
4s  4p  5s.  Oyer  60  laser  radiations  were  generated  when  a  2  meters  active  length  laser  tube  had  operated.  The  most 
powerful  emitted  radiations  are  in  blue-green  region  of  the  spectrum. 

‘CorrespOTidence:  E-mail:  ristici@.ifin.nipne.ro;  Telephone:  7803469/1810;  Fax:  (401)  4231791 
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Using  the  perturbation  spectroscopy,  we  have  discovered  a  small  absorption  region  in  the  metal  reservoir  between  the 
small  capillary  and  the  long  capillary.  This  region  is  thin  and  it  does  not  affect  significantly  the  parameters  of  the  laser 
beam. 

Also,  we  have  studied  the  influence  of  the  magnetic  field  on  the  spectral  line  intensities.  The  magnetic  field  w^  placed  in 
the  reservoir  region.  The  magnetic  field  was  directed  perpendicularly  to  the  tube  axis,  because  only  in  this  case  it  is 
effective.  The  density  of  selenium  ions  is  highCT  in  the  region  between  the  surfece  of  the  metal  and  the  tube  axis. 

In  the  presence  of  ttie  m^etic  field,  the  output  laser  power  was  higher  and  also  the  spontaneous  emitted  ligjit  was 
increased. 


2.  EXPERIMENTAL  LASER  TUBE  AND  SET-UP 

We  have  developed  an  original  geometry  for  He-Se  laser  tube,  entirely  from  Pyrex  glass^.  "nie  metal  is  heated  by  the 
discharge  itselfi  so  that  a  connection  between  the  current  value  and  the  vapor  pressure  is  established. 

The  inner  Hiamftpr  of  the  capillary  is  2  mm.  The  capillary  is  firmly  welded  at  one  erid  and  has  ttie  possibility  to  dMe  to 
the  other.  Also,  it  consists  of  two  pieces;  one  is  long  and  the  oftier  is  short  and  it  is  placed  in  the  metal  reservoir.  To 
the  tipliiim  losses  by  diflfiision  through  the  capillary  at  the  higji  operating  temperature,  a  glass  mantle  surrounds 
it,  so  that  it  remains  relatively  cold  in  the  operating  time. 

By  heating  the  spectroscopic  pure  selenium,  the  metal  vapors  are  generated.  The  discharge  current  heats  the  capillary  and, 
by  radiation,  the  metal  is  also  heated.  In  our  eiqieiiment,  the  optimum  laser  operation  was  obtained  when  the  metal  was 
almost  completely  melted. 

To  avoid  the  melting  of  the  glass  capillary,  the  discharge  current  is  limited  to  a  small  value,  about  130  mA.  As  a 
consequence,  the  helium  pressure  must  be  higher  than  that  reported  in  literature  by  other  authors^.  So,  for  an  optimum 
discharge  cunent  value,  an  adequate  helium  pressure  was  20  Torr.  If  the  helium  pressure  is  higher,  the  discharge  current 
must  be  lower  and  the  metal  deposition  on  file  capillary  appears. 

The  laser  tube  has  the  cut  ends  at  Brewster  angle  for  500  nm  wavelength.  Loctite  UV  358  has  been  used  to  seal  the 
windows  of  the  laser  tube.  The  resonator  consists  of  a  pair  of  the  total  reflecting  dielectric  mirrors  having  curvature 
radius  of  2  m,  100  nm  bandwidth  centered  on  500  run.  Seven  Se'^  lines  simultaneously  oscillated. 

A  second  anode  at  the  right  end  of  the  main  capillary  was  used.  Its  purpose  is  to  impede  the  metal  vapors  to  depose  on  the 
right  Brewster  window  of  the  laser  tube. 

Fig  1  shows  the  experimental  set-up.  On  the  axis  of  the  resonator  there  is  a  chopper,  which  modulates  the  laser  beam 
generated  inside  the  resonator.  The  90  degree  spontaneous  emission  from  three  chosen  re^ons  was  monitored.  An  optical 
system  consisting  in  a  pair  of  identical  lenses  of  250  mm  focal  distance,  focalizes  the  light  on  the  monodiromator  slit. 
The  used  grating  monochromator  has  a  0.2  nm  optical  resolution  An  EMI  9558  B  photomultiplier  was  used.  A 
syndffonous  detection  block  and  a  recorder  were  used. 

3.  RESULTS  AND  DISCUSSION 

Inside  the  laser  tube,  three  specific  regions  A,  B  and  C  were  chosen.  The  amplification  region  ‘B’  is  just  the  active 
medium  (a  mixture  of  helium  and  selenium  atoms  and  ions);  the  plasma  parametere  are  about  the  same  as  reported 
elsewhere*.  The  ‘C’  r^on  is  at  the  end  of  the  long  capillary.  The  ‘A’  region  is  placed  in  the  metal  reservoir,  at  foe  end  of 
foe  short  capillary.  In  both  regions  ‘A’  and  ‘C’,  foe  current  density  is  much  lower  than  in  foe  ‘B’  region.  A  blue  cloud 
appears  in  the  ‘A’  region,  between  foe  end  of  foe  short  capiUaiy  and  foe  beginning  of  the  long  capillary.  This  cloud 
consists  in  selenium  and  helium  atoms  and  ions. 

Both  mirrors  are  total  reflecting.  The  laser  beam  is  chopped  and  foe  lock-in  signal  is  recorded  using  foe  ejqjerimental  set- 
iq)  described  in  Fig  1. 
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For  a  steady  state  of  the  tube  operation  -  a  well  defined  current  and  metal  temperature  -  a  stable  plasma  region  exists  in 
the  region  “A”  of  the  tube.  We  have  determined,  by  spectroscopic  measurements  fliat  the  vapour  content  of  that  region 
consists  mainly  of  selenium  ions. 

Using  the  set-up  presented  in  Fig.  1,  we  have  obtained  a  signal  that  has  opposite  sign  for  the  amplification  and  absorption, 
respectively.  We  denoted  the  positive  sign  for  the  signal  recorded  firom  ‘B’  region.  The  discharge  current  was  1 30  mA  in 
all  cases. 

For  described  tube  we  have  measured  the  influence  of  the  m^netic  field  on  some  selenium  spectral  lines  by 
spectroscopic  method’.  Hie  magnetic  field  is  effective  when  it  is  directed  perpendicularly  to  the  tube  axis.  The  density  of 
selenium  ions  is  not  uniform  around  flie  tube  axis,  it  is  higher  in  the  region  between  the  surfece  of  the  metal  and  the  tube 
axis.  When  they  move  to  enter  in  the  main  capilhuy,  the  Lorenz  force  acts  on  them  so  that  other  vapors  can  Ufl  from  the 
metal  surfece.  In  this  new  steady  state  flie  ions  are  pumped  more  efficiently  in  the  discharge. 


Ml 


He-Se  laser  tube 


Ml 


cathode 


1  1 

- 1 - ^ 

Lock-in  amplifier 

Monochromator 

- 1 - , — 

Fig.l  Experimental  set-up  used  in  perturbation  ^ectrosccpy. 

A,  B  and  C  -  examined  regions  of  the  laser  tube,  M,,  Mi  -  mirrors, 

Li,  Li  -optical  lenses,  HVS  -  high  voltage  supply,  PM-photomultiplier 


Table  I  presorts  the  spectral  lines  involved  in  the  laser  oscillations.  We  choose  those  spectral  lines  from  the  visible  region 
of  the  spectrum,  which  oscillate  inside  tire  resonator  that  consists  of  dielectric  mirrors  with  a  hi^  reflecting  coefficient 
for  all  of  them. 

Usi^  the  chopper  inside  the  resonator,  we  can  record  the  variations  of  the  line  intensities  fi:om  the  laser  beam.  These 
variations  are  presented  in  the  Table  II. 

The  spectral  scanning  records  show  the  presence  of  signals  with  opposite  phase  for  ‘A’  r^on  regarding  to  Arose 
recorded  from  ‘B’  and  ‘C’  regions.  From  Table  2,  we  can  conclude  that  in  the  ‘A’  region  the  laser  radiation  is  absorbed 
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for  all  wavelengths,  excepting  the  525.36  nm  radiation  for  which  this  region  is  perfectly  transparent,  in  opposition  with 
‘B’  and  ‘C  regions,  where  the  radiation  is  amplified. 

The  measurements  from  these  regions  were  made  without  the  presence  of  a  magnetic  field  “a”  and  in  the  presence  of  a 
magnetic  field  “b”  respectively.  The  magnetic  field  had  an  influence  only  if  it  was  placed  in  the  ‘A’  region. 


Tab.  I.  Spectral  lines  involved  in  the  laser  oscillations 


X,(nm) 

Upper  level 

Lower  level 

497.57 

5p^D5/2 

4s4p^^P3^ 

499.20 

506.86 

5p"Ps2 

5s"P3« 

51T60 

5s"Pv2 

522.75 

5p"D7/2  ^ 

5s^P5c 

525.36 

VD,/2 

5s^P,/2 

530.53 

5p^D3/2 

1?p1^ 

Tab.  II  The  variations  of  the  intensities  of  the  spectral  lines  involved  in  laser  oscillations, 
in  absence  of  a  magnetic  field  and  in  its  presence. 


A1  fu.^'^v 

497.57 

499.20 

506.86 

517.60 

522.75 

525.36 

530.53 

a-without 

m.f. 

b-within.f. 

AIb  [a.u.] 

10 

38 

18 

32 

75 

10 

13 

a 

23 

62 

28 

50 

95 

17 

20 

b 

AIa  [a.u.] 

-15 

-26 

-11 

-25 

-60 

0 

-5 

a 

-48 

-65 

-31 

-47 

-100 

0 

-16 

b 

Ale  [a.u.] 

7 

28 

43 

35 

77 

6 

13 

a 

15 

46 

20 

46 

98 

10 

20 

b 

Fig.  2  shows  the  behavior  of  the  522.75  nm  seloiium  ion  laser  when  the  discharge  current  increases.  The  curve  “a”  and 
“b”  are  without  magnetic  field,  and  with  applied  magnetic  field  on  the  laser  tube.  For  low  current  region  the  line  intensity 
increases  linearly,  but  for  hi^er  currents  the  increasing  is  much  abmpt  due  to  ftie  hi^er  vapor  density.  The  magnetic 
field  influence  on  laser  outyut  was  also  observed’. 

Fig.  3  presents  the  absorption  of 522.75  laser  radiation  vs.  the  distance  measured  from  the  end  of  the  small  capillary. 
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■Hus  radiation  was  preferred  for  representation  because  it  was  the  shortest  radiation,  as  we  can  see  &om  the  Table  2.  The 
absorption  region  was  scanned  along  the  tii)e  axis  usii^  a  0.5  mm  diaphragm.  We  can  observe  that  the  absorption  is 
significant  only  for  one  millimeter  length  in  the  absence  of  a  magnetic  field  “a”,  and  two  millimeters  in  the  presence  of  a 
magnetic  field  “b”,  respectively. 

The  absorption  region  appears  just  where  the  sdenium  vapor  clouds  penetrate  the  discharge  region.  By  electron 
collisions,  the  metal  molecules  are  broken  in  atoms  and  ions.  As  a  result,  the  electronic  temperature  in  that  r^on  is  low 
so  that,  thie  density  of  helium  ions  is  also  low. 

As  a  consequence,  the  reaction  (1)  has  a  low  rate  and  the  population  inversion  does  not  ^pear  hoe.  The  existerice  of  the 
strong  absorption  of  laser  radiation  shows  that  the  lower  laser  levels  are  highly  populated  by  electronic  collisions  or, 
alternatively,  by  die  reaction: 

Se  +  He(2%or2%)^(SeV  +  He  +  AE  (2) 

Where  (Se^  levels  signify  the  lower  laser  levels  of  the  selenium  ion. 

Energetically  that  corresponds  to: 


0  +  He  [(19.82  or  20.61)  eV]  Se  [(21.55  ^  23.25)  eV]  +  0  +  AE  (3) 

In  He-Se  positive  column,  on  the  tube  axis^,  kT  «  2.5  eV,  so  tiiat,  the  supposition  of  the  existence  of  the  reaction  (2) 
seems  to  be  valid. 

The  presence  of  such  reaction  can  explain  the  appearance  of  the  laser  radiation  absorption  in  the  ‘A’  region.  Evidendy,  it 
falffts  place  also  in  the  amplifying  region  B  but  with  a  lower  rate,  but  contributes  to  a  reduction  of  the  population 
inversion. 


4.  CONCLUSIONS 

An  important  contribution  of  helium  metastable  levels  is  to  generate  die  selenium  ions  by  electron  collisions,  but  also  to 
populate  the  lower  laser  levels. 

Using  the  perturbation  spectroscopy  method  in  a  home-made  self-heating  He-Se  laser  tube,  a  strong  absorption  region 
was  detected.  The  reduction  of  the  emitted  laser  radiation  power  is  not  very  important  because  this  r^on  is  thin  enough 

In  our  opinion,  the  reaction  presented  by  eq.  (2)  is  responsible  for  absorption  of  the  laser  beam.  The  ruction  takes  place 
also  in  die  amplification  region  ‘B’  but  with  a  lower  rate,  and  contributes  to  a  decreasing  of  the  population  inversion. 

The  presence  of  the  magnetic  field  involves  the  increasing  of  die  laser  beam  power,  but  also,  it  influences  die  absorption 
of  the  laser  radiation. 

We  intend  to  continue  this  sturfy  to  find  the  way  for  improving  the  laser  operation. 
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ABSTRACT 

A  sim^e  method  that  allows  the  determination  of  the  rates  of  the  two-ion  up-conversion  processes  governing  3-pm  laser 
emission  (laser  transition  \i/2  in  concentrated  erbium  systems  is  jnesented.  The  method  is  based  on  the  analysis  of 

the  kinetics  of  the  \\a  level,  excited  with  short  532  nm  laser  pulses,  for  various  pulse  intensities. 

Keywords:  3-pm  laser,  Er^,  up-conversion. 


1.  INTRODUCTION 

To  understand  the  efficient  3-pm  generation  on  the  self-saturated  transition  %i/2  "*1  13/2  in  concentrated  erbium  systems,  at 

least  three  energy  transfer  mechanisms  should  be  taken  into  account’  ":  cross-relaxation  from  the  “83/2  level,  i.  e.  (^83^2 
''I9/2)  +  ClisQ  \ia),  up-conversion  from  the  terminal  laser  level  (“'lisc  ->  ‘'Iisq)  +  (%3a  X/i),  and  i^j-conversion  from 

the  initial  laser  level.  Chin  ''I15/2)  +  (^111/2  *^tn)-  Besides,  in  low  phonons  crystals  (as,  for  example,  fluorides),  another 

cross-relaxation  process  contributes:  CI9/2  ''I13/2)  +  CI15/2  %n)  The  most  finitfiil  approach  for  the  determination  of 

the  up-conversion  rates  proved  to  be  the  analysis  of  the  system  response  under  short  pulse  excitation’'*,  hr  order  to  separate 
the  effects  of  the  various  interactions  present  in  the  erbium  systems  (radiative,  multi{dionon,  cross-relaxation,  and  up- 
conversion),  a  strategy,  based  on  concentration  and  pump  intensity,  was  adopted’ '*.  Thus,  for  low  pump  intensities  and  low 
Er  concentrations,  the  behavior  of  the  Er  system  is  linear  and  the  fluorescence  lifetimes  can  be  measured  and,  by  evaluating 
the  radiative  pubabilities  with  the  Judd-Qfelt  analysis’®’  ’®,  the  multiphonon  transition  probabilities  can  be  ftstimatptri  Then, 
for  low  pump  intensities  and  higher  Er  concentrations,  the  comparison  of  the  kinetics  of  some  fluorescent  levels  with  those 
obtained  for  low  concentrations  allows  the  determination  of  the  cross-relaxation  rates.  Increasing  the  pump  intensity,  the 
effects  of  the  up^onversion  processes  on  the  kinetics  of  the  metastable  levels  can  be  well  evidenced. 

In  this  paper  we  present  a  method  based  on  short  pulse  excitation  at  room  temperature  of  the  erbium  luminescence,  with  the 
second  harmonic  of  the  Nd:  YAG  laser.  The  up-conversion  parameters  are  determined  from  the  analysis  of  the  iHnfttirs  of 
only  one  level:  \\i2.  The  method  is  then  exemplified  for  Er:  YAG  crystals. 

2.  EXPERIMENTAL 

The  experiments  were  performed  at  room  temperature  on  three  concentrated  Er:  YAG  sam;^es  (erbium  concentrations:  40, 
50  and  60  %).  The  luminescence  of  Er:  YAG  crystals  was  excited  in  green  (532  nm)  using  the  second  harmonic  of  the  Nd: 
YAG  laser  Quanta  Ray  DCR2  (pulsewidth  ~  15  ns,  repetition  frequency  -  20  Hz)  and  pthered  into  GDM  1000 
mochromator  equipped  with  an  8-1  i^otomultiplier  in  photon  counting  configuration.  The  fluorescence  spectra  were 
obtained  with  a  TURBO  MC8  scaler.  Hie  time  resolution  of  the  experimental  apparatus  was  20  ns. 

3.  RESULTS  AND  DISCUSSION 


3.1.  Rate  equation  model 

The  usual  moctel  describing  the  kinetics  of  the  metastable  levels  ‘'I13/2,  ''ln/2,  “Im,  and  '*83/2  after  a  short  pump  pulse,  in 
the  apinoximation  of  two-ion  energy  transfer  processes,  is  based  on  the  following  rate  equation  system: 


*  Con:espondence:e-inail:joe@pluto.infim.ro 
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=  -(«40  +«41  +«42  +«43  +^43)^4  +(«54  +  W54)^5( 


dt 

where  to  are  the  populations  of  ”'li5/2j  "*Ii3/2>  %i/2>  ^19/2,  ^F9/2,  3nd  ^83/2  (thermahsed,  at  room  temperatures,  with 
^H2i  1/2),  respectively.  The  coefficients  are  equal  with  sum  of  the  electric-dipole  ,  and  magnetic-dipole  transition 

probabilities  (transition  /  j)  while  are  the  p-obabilities  of  the  multiphonon  transitions.  The  energy  transfer  processes 


-^=-{o3„  +O3,  -t-Ajj  +W3j)iV3  +a^N^  +(a„3  +m^N^N^ 

dt 

—  =  -(«20  +"21  +'*'21  +^2‘”'’)^2  +«52^5  +«42^4  +«32^3  “  2®22^2 

dt 

=  -^ajo  +^51^5  "^^41^4  *^(^21  ’*'^21  )^2  ~2<DjjA/'j 
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(a)  (b)  (c)  (d) 


Fig.  1.  Energy  level  scheme  of  Er^  and  the  main  energy  transfer  mechanisms;  (a)  up-conversion  from  T13/2,  (b)  up-conversion  from  \in, 
(c)  cross-relaxation  from  *Sy2,  and  (d)  cross-relaxation  from  %/2. 


involved  in  Eqs.  (1)  are  rejnesented  by  <d„,  the  rate  of  the  u{MX)nversion  from  \m  (Fig-  la),  ®22>  1*^®  1^® 

conversion  from  \m  (Fig.  lb);  the  cross-relaxation  processes  are  represented  by  fflj,,  (from  ‘'S3a  -  Fig.  Ic)  and  ©3^  (from 
_  Fig  Id).  The  initial  conditions  for  Eqs.  (1)  for  punqjing  in  ''S3/2  (thermahsed  with  ^H2ii/2)  are  i\f.(0) =0  (i  =  1  to  4), 
NAo)  =  N^,  the  population  of  the  “83/2  C^nn)  level  immediately  after  the  short  pumping  pulse. 


The  radiative  lifetime  of  the  level  i  is 


while  the  fluorescent  one  is  given  by 


j 


The  parameters  w^,  w^” ,  and  w^'  were  introduced  in  (1)  and  (3)  to  take  into  account  the  p-esence  of  the  aleatory 
impurities  in  the  crystal.  Due  to  their  long  lifetimes,  the  most  affected  by  the  (wesence  of  the  aleatory  impurities  are  the 
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levels  \ia  and  ‘'lii/2-  According  to  their  role  in  the  de-excitation  of  the  \\n  level,  we  classified  the  aleatory  impurities  into 
two  categories' (i)  impurities  which  merely  accelerate  the  de-excitation  of  the  "111/2  level  and  return  these  excitations  to 
tfie  "I13/2  level;  (ii)  impurities  which  take  off  the  excitations  from  the  erbium  system.  The  presence  of  the  first  type  of 
impurities  implies  .  In  the  second  case,  >  w^’’ .  The  wf"^  parameters  can  be  obtained  from  Eqs.  (2)  and  (3), 

if  the  fluorescence  lifetimes  are  known. 

3.2.  The  Er;  YAG  system 

For  Er;  YAG  crystals  the  spectroscopic  data  entering  rate  equations  (1)  are  given  in  Tab.l.  The  radiative  transition 
probabilities  were  calculated  with  a  modified  Judd-Ofelt  analysis'®,  which  takes  into  account  the  peculiar  structure  of  the  Er: 
YAG  groimd  level  (two  well-separated  narrow  groups  of  four  Stark  sub-levels).  The  fluorescent  lifetimes  from  Table  1  were 
measured  at  low  erbium  concentrations. 


Tab.  1.  Spectroscopic  data  for  Er;  YAG,  at  room  temperature. 


Initial  level 

Terminal  level 

<  (s') 

(s’) 

r-"  (ps) 

7’(l«i) 

’^.,-1  (s') 

"S3/2 

0.6 

- 

619 

16 

5.56  X  10" 

"*19/2 

60.5 

- 

\l/2 

31.8 

- 

"*113/2 

446.6 

- 

A15/2 

1075.5 

- 

4t 

A9/2 

0.5 

3.9 

629 

1.5 

6.65  X 10® 

4t 

All/2 

52.5 

10.4 

"*Il3/2 

63.3 

- 

"*115/2 

1485.7 

- 

"I9/2 

\l/2 

0.6 

1.5 

4420 

0.05 

2x10^ 

%3/2 

45.9 

- 

4t 

Ai5/2 

178.3 

- 

All/2 

dr 

A13/2 

16.2 

12.49 

7170 

100 

9.86x10® 

4t 

Ai5/2 

110.8 

- 

A13/2 

A15/2 

97.9 

56.3 

6484 

6500 

-0 

For  medium  concentrations,  we  define  the  “non-exponential  part”  of  the  "I11/2  decay,  /(r),  as  the  differenrp:  between  the 
normalized  decays  measured  at  high  and  low  pump  energies; 

where  x  =  tlT^.  The  last  member  of  Eq.  (4)  rqrresents  the  normalized  decay  at  very  low  pump  energies,  when  only  the 
linear  terms  in  Eqs.  (1)  could  have  a  noticeable  contributioa  We  note  that  the  expression  (4)  represents  a  generalization  of 
the  relation  used  in'®’  where,  from  the  normalized  decay  is  extracted  an  ejqronential  function  exp(-x).  Obviously,  for 

very  high  erbium  concentrations,  the  rise-time  of  the  decay  can  be  neglected  and  N^(x)  /  =exp(-x) .  Instead,  for 

lower  concentrations,  due  to  the  lower  values  of  the  cross-relaxation  rate  the  rise-time  of  the  decay  should  be  taksn  into 

account.  This  rise-time  is  characterized  by  Ar  =  (ffl5oiVo)  '  Forexample,for  an  Er  (40%);  YAG  crystal,  At  «5  ps.  InFig. 
2,  we  fffesent  the  non-exponential  part  /(x)  of  the  "l„/2  experimental  decays  for  an  Er^  (60  %):  YAG  sample.  A  significant 
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change  of  the  shape  of  the  function  ^'(x)  with  the  pump  intensity  is  observed.  For  lower  pump  densities,  /*(x)>0,  while  for 
hi^er  pump  densities,  /(x)  begins  with  negative  values,  this  effect  increasing  with  pump  energy. 

The  kinetics  of  the  metastable  level  %m  was  selected  in  our  investigations  taking  into  account  the  following  reasons:  (1) 
this  level  is  the  initial  level  for  three-micron  laser,  (2)  an  Er^  ion  in  this  state  is  both  “donor”  for  the  up-conversion  process 
'*F7/2)  +  (^In/2  "^113/2)  (Fig.  1  b)  and  “acceptor”  for  the  up-conversion  process  ("^113/2  ->  %/2)  +  ^Ii5/2)  (Fig. 

1  a);  (3)  the  fluorescence  wavelength  ('^  0.97  pm)  allows  the  use  of  photomultipliers,  which  assures  a  very  good  linearity, 
necessary  in  the  analysis  of  smaU  non-exponentiahties. 


Fig.  2.  Experimental  non-exponential  parts  of  the  '‘li  1/2  decay  for  various  incident  energies  of  the  pumping  beam  (Er  (60  %):  YAG). 

In  Fig.  3,  we  present  a  family  of  theoretical  curves,  generated  with  the  rate  equations  (1),  for  the  Er  (60  %):  YAG  crystal. 
For  this,  we  used  the  spectroscopic  data  from  Table  1  and  the  facts  that  for  YAG  =  0  (Ref.  13). 


Fig.  3.  Theoretical  non-exponential  parts  of  the  "*111/2  decay  in  Er  (60  %):  YAG,  obtained  with  Eqs.  (1).  The  best  fit  of  the  experiment  was 
obtained  for  the  following  parameters:  ©n  =  2.0  x  10’*^  cm^  s  ©22  ”  1.8  x  10  cm^  s  Wj  431  s  ^  =  Wj  -  2360  s  ,  A/50  “ 

X 10“  cm'^  (curve  (a)),  N50  =  2.0  x  10*®  cm'®  (curve  (b)),  =  3.0  x  10*®  cm'®  (curve  (c)),  and  . 
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The  other  cross-relaxation  parameter,  namely  varies  with  the  concentration®  (see  Tab.2).  The  best  fit  of  the 
experimental  curves  was  obtained  with  the  following  parameters:  <»n  =  2.0  x  10'*^  cm*  s  ’,  022  =  1.8  x  lO  '*  cm*  s  ’,  ©so  = 
1.3  X  10"’*  cm*  s"’,  Wj”*’=  431  s"’,  =w^=  2360  s'’  (impurities  of  the  first  ^pe).  The  probabilities  for  transfer  to 

aleatory  impurities  wf'’,  are  calculated  with  Eq.  (2)  knowing  Ti  =  1710  ps  and  7’2  =  81  ps.  The  three  theoretical  curves 
differ  only  by  the  pump  intensities:  JVso  =  9.6  x  lO’*  cm'*  (Fig.  3,  curve  (a)),  Nso  =  2.0  x  lO’®  cm  *  (Fig.  3,  curve  (b)),  A/50  = 
3.0  X  10’®  cm*  (Fig.  3,  curve  (c)).  We  note  a  very  good  agreement  between  the  experiment  (Fig.  2)  and  flieoty  ^ig.  3). 
Taking  into  account  the  small  experimental  non-exponetialities  (the  scale  in  Fig.  2  is  very  expanded  in  the  vertical 
direction),  we  can  consider  that  the  rate  equation  system  (1)  offers  a  very  good  description  of  the  e^qieriment.  Moreover,  our 
analysis  shows  that  the  agreement  between  experiment  and  theory  is  very  sensitive  to  the  values  of  the  up-conversion  rates 
<»,[ ,  ffljj ,  and  to  the  contribution  of  the  aleatory  impurities  (w*"^ ),  but  less  sensitive  to  the  values  of  the  radiative  transition 
probabilities  a^.  This  can  be  explained  by  the  inequality  w.>>a^,  characteristic  for  crystals  with  very  active  phonons. 
Therefore,  for  Er:  YAG  crystals,  the  apjxoximations  inherent  to  Judd-Ofelt  theory  are  not  critical. 

We  measured  the  kinetics  of  the  ''lu/2  decay  for  three  Er:  YAG  crystals.  The  resulting  energy  transfer  parameters  are 
presented  in  Tab.2. 


Tab.  2.  Energy  transfer  rates  for  three  Er:  YAG  crystals 


Er  concentration  (at.  %) 

40 

50 

60 

Reference 

(Djj  (cm^ 

[6] 

©22  (cm^  s'^) 

HBHl 

This  work 

©5j  (cm*  s  ’) 

HBHi 

[20] 

Both  <B„  and  increase  monotonically  with  erbium  concentration,  but  a  slow  decrease  of  the  ratio  ©22  /  ®ii  could  be 

noted.  Thus,  for  the  60  %  sample,  the  ratio  ©22  /  ©n  »  0.9,  as  for  ErAG’®.  For  lower  concentrations,  this  ratio  becomes 
higher:  0.92  for  the  50  %  sample  and  1  for  the  40  %  one.  Nevertheless,  a  noticeable  discrepancy  between  the  ratio  of  the  up- 
conversion  rates  ©22  /  (Ou  obtained  in  this  paper  and  the  value  ©22  /  ©u  ~  3,  (Artained  previously*,  is  observed,  hr  ortter  to 
explain  this  discrepan<^,  we  note  the  difference  in  the  pumping  conditions.  Urns,  in  the  p-esent  paper,  the  pumping  was 
performed  in  '‘S3/2,  while,  in  Ref  3,  the  pumping  took  place  in  '’F^.  Due  to  the  low  population  of  the  ^2  in  the  present 
pumping  conditions,  when  almost  all  the  excitation  from  the  pumpng  level  is  transferred  by  the  very  effective  cross- 
relaxation  (*83/2  ->  %/2)  +  ("lisa  \y2i  (Fig.  1  c)  to  the  level  \a,  the  contribution  of  the  energy  transfer  processes 
involving  the  '’F9/2  level  can  be  neglected.  The  situation  could  be  qualitatively  different  for  direct  pumping  in  '’F9/2.  Besides, 
the  concentration  ranges  for  the  Er:  YAG  crystals  pumped  in  “83/2  and  ‘'F9/2  do  not  overlap.  While  a  systematic  study 
concerning  the  concentration  dependence  of  the  up-conversion  rate  ©„  in  Er:  YAG  crystals  was  published  some  years  ago®, 
until  now,  no  such  study  was  devoted  to  the  concentration  dependence  of  ©jj.  Unfortunately,  due  to  the  low  absorption 
cross-section  of  the  Er:  YAG  crystal  at  532  nm  (appoximately  7  x  10'**  cm*  -  our  measurements),  in  order  to  put  into 
evidence  the  iqr-conversion  process  ©jj,  it  is  very  difficult  to  achieve  enough  population  in  for  lower  erbium 
concentrations.  The  sinqrly  increase  of  the  pump  densities  at  532  nm  could  result  in  the  sample  destruction.  To  overcome 
this  difficulty,  a  <fye  laser,  tuned  on  an  absorption  line  belonging  to  the  ‘‘Iisq  ‘'83^  (*H2ii/2)  transition  should  be  used. 

4.  CONCLUSIONS 

In  this  paper  we  pesented  a  method  for  determination  of  the  rates  of  the  two-ion  up-conversion  processes,  governing  the 
three-micron  emission  in  concentrated,  erbium  doped,  laser  crystals.  The  luminescence  of  the  erbium  levels  was  excited,  at 
room  temperature,  with  the  second  harmonic  of  the  Nd:  YAG  laser.  In  the  flame  of  this  method,  the  luminescence  of  only 
one  metastable  level,  namely  \ii2,  was  monitored.  The  change  of  the  kinetics  of  the  %in  level,  for  various  pumping 
energies,  was  analyzed.  The  entire  family  of  decays  (the  only  variable  parameter  being  the  pump  energy)  was  described 
with  the  same  set  of  material  parameters.  The  possibility  to  describe  an  entire  family  of  decays  with  a  single  set  of  material 
parameters  could  be  considered  a  criterion  for  the  rate  equation  model  adequacy  as  well  as  for  the  experimental  accuracy. 
The  method  was  successfiilly  applied  to  three  Er:  YAG  crystals. 
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ABSTRACT 

Waveloigth  measuremoit  is  a  critical  topic  in  many  applications.  Stationaiy  interferom^rs,  such  as  Fizeau  and  Murty, 
can  be  saccessiiilly  used,  considering  the  {soportionali^  between  the  wavelength  and  the  fringe  spacing  in  tbe  int^ermice 
pattern.  In  this  wodc  we  present  a  one-dimensional  algorithm  for  the  calculation  of  tihe  fringe  spacing  and  errmr  sources.  The 
final  accuracy  that  can  be  achieved  is  also  assessed.  The  experimental  data  are  taken  fix)m  frin^  [Mitems  recorded  with  a 
hfruty  interfi^meter. 

Keywords;  Murty  interferometer,  fringe  pattern,  wavelength  measurements,  least  squares  method 

1.  INTRODUCTION 

One  technique  of  measuring  the  wavelength  consists  in  the  comparison  of  the  fringe  spacings  of  two  intensity 
recordings,  of  which  one  is  obtained  usinga  reference  wavelength  (from  a  stabilized  He-Ne  laser  for  instance)  and  the 
with  the  unknown  light 

Such  a  technique  uses  the  Murty  interferometer’’^  (figure  1),  which  has  the  advantages  of  extreme  sinqdicity,  mechanical 
and  thermal  stability.  It  consists  in  a  sinqrle  tdane-^rarallel  glass  {date.  When  illuminated  with  a  si^erical  wave  under  an 
arbitrary  angle,  two  sheared  waves  are  reflected  and  a  pattern  of  a{)proximately  straight  equi^iaced  {tarallel  fringes  appears. 
Transmission  fringes  are  visible  too,  but  with  much  less  contrast,  as  while  the  amplitudes  of  the  first  two  intofering  waves 
are  nearly  equal  in  reflection,  tiiey  have  very  different  magmtwJes  in  transmission  if  quartz  is  used  instead  of  glass  the 
wavelength  piecirion  is  increased  by  a  better  thermal  stability. 


2.  TiffiORY  OF  TBDE  MURTY  INTERFEROMETER 


The  lateral  shear  induced  by  the  Murty  interferometer  on  both  transmitted  and  reflected  ty’ams  is; 

e'Sin2a; 

s=-y  . 

-sin^a 


(1) 


where  n  is  the  refraction  index  of  the  glass  {date,  e  is  its  thickness  and  a  is  the  incidence  ai^e  of  the  li^t  beam  <m  the  plate. 


*  Coiies{)ondence;  E-mail;  vnascov@ifin.nipne.ro 
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Let  us  analyze  the  fringe  map  produced  in  a  plane  oriented  perpendicularly  on  the  emerging  doubled  beams.  The  laser 
li^t  emitted  in  the  TEMoo  mode  is  focused  on  and  spatiaUy  filtered  by  a  10-pm  pin-hole  so  that  a  si*erical  wavefront  is 
6teaine4  which  is  described  by  the  following  complex  amplitude: 


uix,y,2)  =  A(x,y,z)‘e' 


(^x,y,2)  =  ^  -  -^x^+y^+z^ 


The  coordinate  system  we  used  has  its  origin  in  the  curvature  center  of  the  spherical  wav^ont  The  fraction  M,xy^) 
has  a  slow  variation  in  the  region  of  space  where  we  analyze  the  interference  phenomena,  so  ttot  we  will  not  detail  its 
eiqilicit  form.  Only  the  jdiase  function  <^xy^)  is  relevant  and  we  will  develop  it  in  a  T^lor  series,  valid  at  small  an^es 
from  the  propagation  axis  Or,  where  we  have  x,  y  «  r. 


¥.x,y,z) 


,  1  x^  +y 


I 

3 


(3) 


The  first  term  is  constant  in  a  plane  (x,  y)  and  hence  irrelevant.  The  second  term  is  the  parabolic  apfraximation  of  the 
sjAerical  of  the  wavefront,  or  the  paraxial  approximation,  frequently  used  in  oiaics.  The  third  term  measures  the 
imiaecision  of  the  paraxial  aRffoximation,  and  we  will  take  it  into  account.  The  following  terms  are  too  small  to  be 
considered  at  all. 

The  two  obtained  by  gptitting  the  incoming  wavefront  have,  both  in  reflection  and  transmission,  fee  same 

ifphprirai  gh5ipft  but  HifFftrsnt  amifetudes.  The  general  expression  of  the  intaference  fiinges  in  a  plane  (x,  y)  is 

I(x,>/)  =  /i  +/2  +2*VA  -h  •cos<I>(x,>')  (4) 

where /i  and/2  are  fee  intensities  of  the  two  interfering  waves.  The  fraction  <l>(x,y)  is  the  phase  shift  between  them; 

«I>(x,>')  =  <P2(x,7)-<Pi(x,y)  =  <P(x+5:,>')-cp(x,y)  (5) 


and  it  has  fee  following  development  in  Taylor  series: 

=  (2x^  +  5^) - ^•(4x^5  +  6xV  +4xs^  +4x)/^5r  +  2>’V  +/)+... 


The  fringe  contrast  is  considerably  better  in  reflection  than  in  transmission,  as  fee  an5)litudes  of  fee  interfering  waves 
are  much  closer  to  each  other. 

The  components  of  the  fiinges’  spatial  frequency  along  fee  axes  x  and;^  are 


2^  dx  ^  2Az 


In  a  peqyndiraiiar  to  fee  axis  Oz  fee  fringes  are  parallel  and  equidistant,  oriented  normally  to  the  axis  Ox,  on  fee 
cpnditinn  nf  limiting  ouTselves  to  fee  paraxial  approximation  of  fee  spherical  wavefronts.  In  this  level  of  ^proximation  fee 
qjatial  frequency  has  only  one  non-zero  component; 


so  that  the  fiinge  spacing  is  = 


1 


Az 

s 


(9) 


We  will  fintiiftr  mncittpr  that  fee  Mut^  interferometer  produces  straight  parallel  and  equidistant  fiinges,  but  we  will 
remember  there  is  a  deviation  fitom  this  assunqrtkHi  and  calculate  it,  in  order  to  evaluate  the  accuracy  to  which  fee  fringe 
cparing  can  be  taken  constant.  The  deviation  of  fee  fiinge  spacing  from  fee  value  given  by  (9)  is 
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(10) 


^  +3xs+y^  +s^). 

V,  2sr  '  ’ 

In  a  small  region  of  the  fringe  pattern  the  maximum  deviation  is  ne^gible  relative  to  the  available  measurement 
accuracy  of  the  fringe  spacing,  as  we  will  see  from  the  numerical  results  presorted  in  section  4. 


3.  THEALGORTTHM 


The  following  connection  exists  between  foe  wavelength  and  foe  fringe  qracing^^: 

^  i 

^-ix  —  >  ^  compared  to  the  reference  wavelength  i  •  7^ 


Our  work  deals  with  the  process  of  determining  the  fringe  ^mcing  in  a  digitally  recorded  fringe  pattern.  The  accuracy  of 
wavelength  measurement  is  sustained  by  the  accuracy  of  measuring  the  fringe  spacing 

We  alrea^  est^lished  that  the  fringes  are  approximately  strai^  parallel,  and  equidistant.  Along  any  direction  in  the 
viewing  plane,  determined  by  the  CCD  orientation,  the  fringe  intensity  profile  is  given  by: 

Kx)  =  Iq  +/i  •cos(2;rwr+^)  (12) 


where  /o  is  the  badcground  uniform  intensity,  Ii  is  the  magnitude  of  ttie  sinusoidal  oscillation,  v  is  the  fiinge  spatial 
frequency,  and  is  the  initial  phase  of  this  periodic  distribution. 

The  image  is  recorded  digitally  and  it  consists  of  a  map  of  pixels  with  quantized  intensities  having  a  periodic  evolution 
of  the  form  (12),  but  also  affected  by  a  random  noise.  In  figure  2  we  present  such  an  image,  acquired  with  a  CCD  camera. 
The  frmction  I(x)  d^)ends  on  four  parameters  (/o,  lu  H  ^)  which  will  be  determined  tty  processing  an  array  of  pixels  vising 
the  algorithm  described  fiuther  in  the  paper.  Instead  of  a  two-dimen&onal  image  the  acquisition  of  a  one-din^nsional  array 
of  jMxels  (with  a  CCD  line)  is  sufficient,  as  our  problem  was  reduced  to  the  ID  case. 


Fig.  2  Fringe  pattern  obtained  withaMmty  mterferometer 

The  four  parameters  are  statistical  quantities  that  lead  to  the  specific  function  I(x)  that  best  approximates  the 
eiqierimental  data.  The  method  of  maximum  plausibility  is  used,  widely  aj^lied  to  fxocessing  physical  data,  with  well- 
known  calculation  methods  adapted  to  different  cases  fiiequently  encountered,  but  given  the  non-linearity  and  the 
hannonicity  of  the  function  /(or),  the  solutions  (/o,  /i,  v;  g>)  are  determined  Ity  using  an  iterative  procedure  described  in  the 
^jpendix,  whidi  starts  with  an  initial  approximation  of  the  parameters. 

The  first  approximation  of  the  parameters  (To,  /i,  v,  ^)  can  be  obtained  by  apptying  a  Fourier  transform  to  the 
experimental  data  (the  fiinge  pattern)  and  preserving  the  first  order  harmonic  term.  The  Fourier  spectrum  gives  the  spatial 
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frequency  k  with  a  relative  accuracy  of  l/Nf,  where  Nt  is  the  number  of  fringes  in  the  array.  The  accuracy  of  the  values  in 
this  stage  is  not  vital  for  the  algorithm  to  work  properly. 

The  approximate  values  are  introduced  in  the  iterative  algorithm  described  in  the  appendix  which  has  a  r^d  quadratic 
convergence,  and  supplies  the  final  solution  with  a  greatly  increased  accuracy.  M  each  iteration  undergone  by  the 
parameters,  linear  apjxoximations  of  the  fimction  I(x}  developed  in  T^lor  series  is  used  around  the  four  parameters 
obtained  in  the  i»eceding  iteration.  The  theorem  of  error  propagation  allows  the  calculation  of  the  statistical  errors  that 
affect  the  final  results. 


4.  EXPERIMENTAL  RESULTS  AND  DATA  PROCESSING 

We  oUained  flie  interference  pattern  using  the  set-up  illustrated  in  figure  1.  The  laser  source  is  a  fr^en<7  stabilized 
He-Ne  at  A  =  633  run  and  P  -  0.5  mW.  The  glass  plate  has  the  thickness  e  =  4  mm  and  the  refraction  index  n  =  1.5. 
When  the  angle  of  incidence  a=45°  the  lateral  shear  is  s=  3  mraThefringeim^e  isacqpiiredatadistancez=  2iiiwiflia 
digital  camera  having  the  resolutitm  of  384  x  288  i^els  which  uses  a  CCD  array  with  die  dimensions  of  aiproximately 
4x3  mm  The  fringP!  sparing^  Calculated  with  equation  (9)  is  around  0.2  mm.  From  the  formula  (10)  it  can  be  calculated 
that  over  the  imagp.  area  the  relative  deviation  of  Ae  fringe  placing  is  less  than  10"®,  so  that  in  principle  the  accuracy  of  the 
wavelength  measurement  is  limited  to  this  value. 

An  arrjQf  of  =  384  pixels  is  extracted  from  the  image  and  (accessed.  For  this  purpose  it  would  be  more  ^^priate  to 
use  a  CCD  line,  with  considerable  more  pixels,  conveniently  oriented,  not  necessarily  on  a  perpendicular  (firection  relative 
to  die  fringes. 

The  fringe  placing  is  determined  1^  following  these  steps; 

An  initial  ^^ximation  of  the  four  parameters  (/o,  /i,  v,  q>)  is  obtained  by  analyzing  the  Fourier  transform  of  ^ 
intensity  profile  thus  recorded,  achieving  an  accuracy  level  of  1/iVf  for  the  parameter  v  (for  N(=  19  fringes  the  relative 
accuracy  is  found  to  be  5%  both  for  the  measurement  of  fringe  spacing  and  the  wavelength). 

The  algorithm  tytm  iteratively  inqaoves  the  parameters  (/o,  /i,  v,  q>).  Taking  advantage  of  the  rapid  convergence  a 
mimhpr  of  5  or  6  iterations  is  enough  for  the  maximum  computation  accuracy  (in  dovible  precision  representation)  to  be 
reached,  largely  exceeding  the  maximmn  accuracy  allowed  by  the  measurement  method,  so  that  the  conpiter  calculation 
does  Ttat  add  to  the  inhermt  uncertainty. 

Figure  3  shows  on  the  same  gr^  the  intensities  in  a  ID-array  taken  from  the  image,  and  the  sinusoidal  curve  that  fits 
these  eiqperimental  values. 


pi)@ls 

Fig.  3  Intensity  profile  of  the  fiinge  pattern;  values  taken  fi^om  the  image  and  fitted. 

The  algorithm  also  provides  the  statistical  errors  that  affect  the  final  results,  using  the  well-known  error  propagation 
dieorem.  The  loact  affected  by  statistical  errors  are  the  parameters  v  and  which  are  exactly  the  most  important  quantities 
to  be  tn>»a«^itwH  The  relative  error  in  calculating  the  firinge  spacing  and  the  wavelength  is  10"^,  but  it  should  be  emphasized 
that  better  results  can  be  achieved  if  instead  the  low  resolution  CQ3  matrix  one  used  a  CCD  line  with  a  few  thousand  pxels. 
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5.  APPENDIX 


Least  squares  method  for  linear  functions 

Let  7  be  a  set  of  experimental  results,  measured  with  mean  square  deviations  to  which  a  set  of  variables  X  is 
associated. 


r  is  an  AT-element  column  vector,  andX  is  an  N-\me  x  r-column  matrix  that  contains  the  values  of  indqiendent  variables, 
considered  unaffected  1^  any  measurement  errors.  ^  is  an  r-element  column  vector,  containing  the  coefficients  of  the 
fimctional  relationship  between  X  and  L  that  have  to  be  determined 


Pi' 

^ll 

-  Xi/ 

Y  = 

Yn. 

X  = 

■"  ^Nr_ 

A  = 

In  a  general  case  (T^  is  the  covariation  matrix  of  the  values  Y,  having  the  dimension  NxN  and  contains  the  mean  square 
deviations  on  the  main  diagonal  while  the  other  elements  are  the  covariations  between  the  various  variables  In  most 
practical  situations  all  the  values  Y  are  measured  with  the  same  accuracy  and  are  independent,  so  that  the 
quantity  al  becomes  a  scalar.  Instead  of  the  quantity  we  will  use  anc^er  quantity,  called  weight,  defined  by: 

(^) 

We  siq^xrse  that  there  is  a  linear  relationship  between  the  quantitiesX  and  Y  of  the  form: 

Y=X-A  (A3) 

Due  to  fluctuations  of  the  quantity  Y  this  relationship  cannot  be  exactly  fulfilled  Then  it  becomes  necessary  that  a  linear 
function  be  found /(X)=X  which  best  ^rproximates  the  experimental  data.  Based  on  the  assumption  that  the 

fluctuations  of  the  quantity  Y  are  normally  distributed  the  coefficients  A  are  determined  using  the  least  squares  fitting 
method  developed  as  follows. 

We  build  the  scalar  function  x^(A)  which  represents  the  sum  of  the  squared  normed  deviations  of  the  function  fX)  fro® 
the  experimental  data  Y: 

X^iA)  =  s‘^  -Py-s  e  =  f(X)-Y=X-A-Y  (A4) 

The  tymbol  ^  represeirts  the  operation  of  matrix  transposition.  According  to  the  maximum  plausibility  principle,  the 
function  fiX)  that  b^  fits  the  values  Y  is  that  for  which  the  function  y^(A)  reaches  its  minimum.  The  values  of  the 
parameters  A  for  which  the  function  x^(A)  is  minimum  are  obtained  by  solving  an  equation  system  consisting  of  r  linear 
equations  established  fay  equaling  to  zero  the  partial  derivatives  of  the  function  x^(4)  relative  to  each  of  the  parameters  A. 
This  is  called  the  “normal  equatimi  tystem”: 

=  X^-(P/  +/v)-(X  .4-r)  =  0=>[x^.(p/  +Py)  x]  A  =  [x^-(p/  +Pr  j-F  (AS) 

The  solution  of  this  system  is: 

A  =  BY  B  =  [r^(p/+P^)x]‘'[Y^-^/+Py  j  (A6) 

Using  the  eiror  propagation  theorem  we  obtain  the  covariation  matrix  of  these  determined  parameters,  that  contains  on 
the  main  diagoiral  their  square  mean  deviations: 

(AT) 
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Least  squares  method  for  non-linear  functions 

In  this  case  we  search  a  non-linear  dependence  betweenX  and  Y  of  the  form: 

r=/(X,^)  (A8) 


in  which  the  function ^4)  has  a  known  behavior,  Init  depends  on  the  set  of  parameters  A.  It  is  again  obvious  that  the 
relationship  (A8)  will  not  be  exactly  fulfilled,  but  instead  we  will  find  the  best  possible  approximation,  in  the  sense  of 
minimizing  the  function  x^(A)- 

The  normal  equations  for  determining  the  set  of  parameters  A  are  generally  non-linear.  They  cannot  be  always  solved 
analytically,  and  the  nmuftripal  solving  can  often  prove  difficult.  The  problem  can  be  tackled  iteratively,  as  shown  further. 

We  start  fi^om  an  arbitrary  initial  approximation  of  the  parameter  set  A,  obtained  by  some  method  or  other,  with  an 
arbitrary  accuracy.  The  non-linear  functiony(X,  A)  is  developed  as  a  Taylor  series  around  the  values  Ao  and  the  linear  term  is 
saved; 


f(X,A)  =  fix, A)  +D-iA-Ao) 


df(X,A)_ 

dA 


■,Ao) 


5a, 


da,. 

SfiXm,—,XNr',A) 

da,. 


(A9) 


The  W-element  vector  that  contains  the  deviations  of  the  fimctionypT,^)  fi'om  the  ejqjerimental  values  T  is 
s  =  fiX,A)-Y  =  e^+D-e,i,  fiX,A^)-Y ,  s,,=A-A^ 

The  relationship  A(10)  is  linear,  just  like  equation  (A3).  For  this  reason  the  corrections  of  the  zero-order 
aprroximation^o  are  determined  by  the  same  algorithm  that  was  previously  described  in  the  case  of  the  linear  depndence 
between  X  and  7. 

Similarly  we  can  define  a  scalar  function  x^(sa): 

Z^(Sj)  =  £^ -Py  ■s  =  (so  +D-e^y  -Py -{sc+D-eJ  (All) 

and  the  normal  equation  system  is: 

-)  =  .{pj  +£)*f^)  =  0=^[D^  -{^Y  =“[d^  (A12) 

ds^ 

The  solution  of  this  system  is: 

B  = -[d'' •  (p/ +  fV )•/)]■'  •  [o'"  (p/H-Py I  ^  =  (A13) 

The  result  A  tling  obtained  is  input  for  a  new  iteration  instead  of  the  zero-order  appoximation  Ao  and  the  procedure  is 
repeated  until  the  difference  between  the  results  of  two  successive  iterations  becomes  neglipble.  As  a  general  rule  the 
algorithm  has  a  r^id  quadratic  convergence,  but  not  necessarily. 

After  the  final  result  was  obtained  with  sufficient  accuracy,  its  mean  square  deviations  are  calculated  using  the  same 
formula  as  in  the  linear  case,  (AT). 

The  basic  idea  of  this  algorithm  consists  in  the  feet  that  the  function  which  depends  on  the  set  ^  of  r  parameters  has 
an  apa'oximately  r-dimensional  quadratic  shap  around  Ao  (no  matter  if  the  function  JiX,  A)  is  linear  or  not)  and  its 
minimum  can  be  determined  as  a  solution  of  a  linear  equation  system.  In  the  non-linear  case,  the  result  obtained  after  each 
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iteration  progressively  draws  near  the  solution,  except  in  some  inappropriate  singularity  cases,  when  the  convergence  is  not 
attained  It  is  remarkable  that  all  the  operations  described  for  this  algorithm  are  achieved  by  linear  algebra. 
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ABSTRACT 

This  paper  investigates  the  goieration  of  ultra-short  optical  pdses  from  directly  modulated  multiple-quantum-well  (MQW) 
laser  diodes.  The  ultra-short  pulse  generation  is  simulated  using  the  rate  equations’  model.  The  effi^  of  the  input  signal 
parameters  (bias  current  value  and  RF  current  amjditude  and  frequenQ^)  on  the  duration  and  magmtude  of  the  pulses  are 
examined  from  gimnlatinns  Particular  interest  is  paid  to  the  influence  of  spontaneous  eimssion  factor  on  the  chaotic  laser 
behavior.  The  study  is  focused  on  improving  the  understanding  of  how  the  ^enomenological  laser  parameters  influence  the 
nnniinpgr  dynamics  and  on  establishing  the  connections  between  the  modulation  signal  parameters  and  the  nonlinear 
dynamic  behavior.  The  numerical  simulations  carried  out  for  different  laser  structures  diow  good  agreement  with  peviously 
reported  results  and  demonstrate  period  bifurcation  and  chaos  for  some  ranges  of  the  bias  current  and  modulation  index 

Keywords:  semiconductor  lasers,  large  signal  modulation,  nonlinear  behavior,  pulse  generation,  period  bifurcation,  chaos, 
simulation. 


1.  INTRODUCTION 

Multiple-quantum-well  (MQW)  laser  diodes  are  widely  used  in  hi^-speed  optical  conummication  systems  due  to  their 
superior  performances  over  bulk  lasers  diodes  (higher  modulation  bandwidth,  lower  thre^old  current).  Sustained  research 
was  aimpirf  at  improving  the  small-signal  modulation  response  of  MQW  lasers  (a  bandwidth  over  30  GHz  was  reported ). 
rninparsri  with  small-signal  operation  the  large-signal  direct  modulation  of  semiconductor  lasers  comes  as  an  important 
tfvhtiiqiip;  for  high  bit-rate  optical  fiber  communication  using  ultra-diort  optical  pulses. 

Many  papers^"®  inHiratP!  that  large  signal  modulation  might  lead  to  various  irregular  behaviors  like  resonance  frequency 
shift,  period  doubling,  period  tripling,  period  quadrupling  and  chaos.  Despite  these  indications  little  work  was  reported  on 
studying  the  nonlinear  dynamics  of  MQW.  Since  directly  modulated  semiconductor  lasers  are  routinely  used  for  oi^cal 
communication,  it  is  important  to  evaluate  how  the  system  features  mi^  be  affected  by  the  possible  chaotic  behavior. 
Some  i»evious  woric  on  nonlinear  effects  in  semiconductor  lasers  was  focused  on  lasers  with  bulk  structi^  but  very 
interesting  results  have  been  presented  recently®  for  MQW  structures.  The  main  ^stem  parameters  used  in  previously 
nnniinpgr  analysis  are  the  modulation  index  and  the  resonance  firequency  to  modulation  frequency  ratio. 

Our  work  investigates  the  influence  of  the  drive  current  (bias  +  modulation)  on  pulse  generation  and  relied  nonlinear 
ph^nmpna  in  order  to  find  out  the  input  signal  parameters’  ranges  keeping  the  laser  safe  away  from  un^sired  nonlinear 
effects  (period  bifurcation  and  chaos).  Both  the  resonance  frequency  blue-shift  with  increased  bias  curi^t  and  the  resonance 
frequency  red-shift  with  increased  RF  signal  amplitude  are  considered.  After  describing  the  theoretical  model  used  some 
ultra-short  pulse  generation  numerical  simulations  are  presented.  Conditions  for  period  bifurcation  and  chaos  are 
investigated  in  certain  ranges  of  bias  current,  modulation  amplitude  and  spontaneous  emission  factor. 

2.  PULSE  GENERATION  BY  LARGE  SIGNAL  MODULATION 

The  (fynamics  of  laser  diodes  may  be  described  in  terms  of  a  three-rate  equation  model 

_ (1) 

dt  qV,ct  "tc  ^esc 
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(2) 


^  =  2k_N2L_Nw._N!L_v  c  -No 

*  %  'Tesc  '^Bt  '^a  *  *  l+sS 


dS  „ 


N.-N„ 

1+eS 


(3) 


where  N*  rejaesents  carrier  density  in  quantum-well ,  Nc  represents  carrier  density  in  confinement  region,  S  is  {dioton 
density,  I  is  the  injected  current  into  the  active  volume  Vacb  Xc  is  the  capture  time  in  the  QW  region,  Xesc  is  the  escape  time 
out  of  QW,  V  is  the  non-radiative  recombination  lifetime  in  the  quantum-well  active  area,  Xq  is  the  bimolecular 
recombination  lifetime,  tp  is  the  photon  lifetime,  Vg  is  the  optical  mode  velocity,  go  is  differential  gain  factor,  s  is  the 
nonlinear  gain  compression  factor,  F  is  the  confinement  &ctor  and  is  the  spontaneous  emission  feedback  fector  into  the 
leasing  mode.  The  nonradiative  and  spontaneous  recombination  times  are  given  1^ ; 


^  =  A+CN,^  (4) 

:^=bn,  (5) 

where  A,B,  C  are  recombinatiQn  coefficients  depending  on  material  quality  and  device  structure. 

Equations  (lyQ)  were  numerically  solved  using  typical  parameters  for  a  MQW  DFB  laser  structure^  The  values  of  the 
parameters  involved  in  model  are  presented  in  T^le  1, 


Tab.  1  Intrinsic  MQW  laser  parameters  used  in  simulation 


Parameter 

Value 

Vac 

1x10' ' 

r 

0.2 

Tc 

2x10-'^  s 

'^esc 

2x10-'°  s 

IxlO'^^  s 

A 

10*  s’ 

B 

10’®  mV 

C 

3x10"^’  m®s'’ 

go=dgf'dn 

5xl0-“m^ 

8 

2xl0-^m* 

No 

2.41x10^%* 

Psp 

5x10'®  -  varying  during  simulation 

In  a  direct  current  semiconductor  laser  modulation  scheme  the  injection  (drive)  cutrent  consists  of  a  dc  bias  current  lo  and  a 
modulation  current  I^sin(27cft)  where  Im  is  the  modulation  amplitude  and  f  is  the  modulation  frequency.  The  modulation 
index  is  defined  as  the  ratio  between  signal  amplitude  and  bias  level:  m  =  IJIq  , 

The  simulated  optical  output  variations  for  different  drive  signal  parameters  are  used  to  investigate  ultra-short  pulse 
generatioa 

2.L  Ultrashort  pulse  generation 

For  small-signal  modulation  little  harmonic  distortion  occurs  and  the  stead|y-state  optical  output  is  almost  sinusoidal  (Fig. 
la).  Entering  the  large  signal  regime  the  device  behavior  becomes  strongly  nonlinear  generating  a  sequence  of  pulses  with 
repetition  rate  equal  to  the  input  frequency  (Fig.  lb).  Increasing  further  the  modulation  current  amplitude  produces  ultra- 
short  pulses  with  about  40  ps  duration  and  increased  amplitude. 
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Pulse  bifinn^tinii  is  another  result  of  large  signal  modulatioa  For  some  modulation  depth  the  output  pulse  waveforms 
successively  doubles  as  seen  in  Fig.  Ic  and  Id.  This  is  accompanied  a  variation  in  the  peak  pulse  am^tude  referred  as 
bihiir^Hnn  The  period  doubling  efEsct  can  be  explained  by  the  following  mechanism:  as  the  RF  magnitude  is  increased  the 
resonance  ftequency  (^)  is  shihed  to  lower  frequencies.  This  resonance  frequency  shift  stops  at  about  half  of  the  modulation 
frequency  when  the  input  power  reaches  a  certain  level.  Period  doubling  occurs  once  fr  reaches  half  of  the  modulation 
frequency.  Our  simnlatinns  demonstrate  also  the  existence  of  period  tripling  (three  different  peak  amplitude  values)  and 
period  quadrupling  (fom  different  peak  amjditude  values). 


Fig.  1  Waveforms  of  optical  power  at  various  values  of  modulation  index  for  an  MQW  laser  diode  with  6.8  mA  threshold 
current.  The  bias  current  is  8  mA  and  the  modulation  frequency  2.5  GHz.  Tte  modulation  currait  amplitude  is :  a)  Irf  =  0.5 
mA  -  small  signal  modulation;  b)lrf=  32  mA -40  ps  pulse  generation  at  2.5  GHz  rate;  c)  3  mA;d)lrf=  8mA-penod 
doubling  effect 
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Fig.  2  Period  quadnq)lmg  for  a  8  mA  bias  current,  12  mA  signal  magnitude  and  4  GHz  modulation  frequency 


2.2.  Influences  of  modulation  index  on  bifurcation  diagram 

Peak  values  bifurcation  diagram  as  a  function  of  modulation  index  (m)  is  presented  for  a  laser  structure  biased  at  8  mA  and 
modulated  at  4  GHz  (Fig.  3).  The  value  used  for  the  spontaneous  emission  factor  was  5x10'^.  It  can  be  observed  that  besides 
period  doubling,  which  appears  for  a  large  range  of  m,  period  tripling  and  quadrupling  appear  for  a  smaller  m  domain. 

P[mW] 


2.3.  Bias  current  influence  on  bifurcation  diagram 

In  small-signal  operation  analysis  the  resonance  frequency  dependence  upon  bias  current  is  given  by : 

f  ^JL  |rgoVB(i-ithi 
'  271 V  qv.^ 


(6) 
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Some  of  our  small-signal  modulation  simulation  results  for  different  values  of  the  bias  current  ok  presented  in  Fig.  4.  The 
resonance  frequency  shift  toward  hi^  frequency  can  be  easily  observed  when  the  bias  current  is  increased. 


Due  to  this  effect  we  are  expecting  to  observe  a  change  of  bifurcation  diagram  (the  resonance  frequency  to  modulation 
frequency  ratio  is  dianged).  This  assumption  is  confirmed  by  the  results  presented  in  Figs.  5  and  6. 


P[inW] 


Fig.  5  Biftircation  diagram  for  9  mA  bias  current, 
4  GHz  modulation  frequency  and  P=5xl0’^ 


P[mW] 


Fig.  6  Bifurcation  diagram  for  12  mA  bias  current, 
4  GHz  modulation  frequency  and  p=5xl0“^ 


2*4.  Influences  of  spontaneous  emission  factor  on  bifurcation  diagram 

It  is  known  that  the  spontaneous  emission  reaction  coupled  into  the  lasing  mode  plays  a  large  role  in  determining  the 
nfiniinftar  dynamics  of  laser  diodes'*’®.  Consequently  we  have  also  analyzed  the  bifurcation  diagram  for  different  p  values. 
The  results  for  p=lxlO  ®  (Fig.  7)  and  p=lxlO-''  (Fig.  8)  shows  that  for  a  small  spontaneous  emission  fector  just 

period  doubling  occurs  but  for  p=lxlO^  chaotic  behavior  appears  even  at  not  very  hi^  modulation  index. 
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P{mW] 


Fig.  7  Bifurcation  diagram  for  8  mA  bias  current,  4  GHz 
modulation  frequency  and  P=lxl0‘^ 


P[mW] 


m 


Fig.  8  Bifurcation  diagram  for  8  mA  bias  current,  4  GHz 
modulation  frequency  and  p=lxl0‘^ 


These  results  make  us  to  conclude  that  in  direct  modulation  MQW  laser  ^sterns  the  chaotic  behavior  can  be  avoided 
through  a  smaller  spontaneous  emission  &ctor. 


3.  CONCLUSION 

The  generation  of  picosecond  pulses  by  laser  diode  large  signal  direct  modulation  at  microwave  fiequency  has  been 
investigated.  The  effect  of  modulation  signal  parmeters  (bias  current  and  modulation  index)  on  the  pulse  gwipi-pnon 
process  has  been  established.  Period  doubling,  period  tripling,  period  quadrupling  and  chaos  behavior  was  confirmed  for 
certain  values  of  the  modulation  signal  and  spontaneous  emission  factor.  The  undesired  nonlinear  effects  can  be  avoided  by 
choosing  the  proper  values  for  the  modulation  parameters  (modulation  frequency,  bias  current). 
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ABSTRACT 

This  paper  presents  the  efficiency  of  Smith-Purcell  (SP)  radiation  generation  for  lamellar  and  triangular  metal  gratings 
(MG)  in  H-polarization.  The  efficiency  was  calculated  by  the  modal  expansion  method  for  lamellar  MG  and  the  improved 
point  matching  method  for  triangular  MG,  respectively.  Most  important  MG  parameters  involved  in  the  calculation  were: 
the  space  period,  the  total  number  of  grooves,  the  profile  and  the  shape  of  the  groove,  Md  the  geometry  of  the  refiectog 
surface.  Calculations  were  performed  for  relativistic  electron  beams  (REB)  with  energies  in  1  -  50  MeV  domains.  The 
emission  angle  of  coherent  SP  radiation  depending  on  MG  and  REB  parameters  is  also  presented. 

Keywords:  Metal  grating  efficiency,  Smith-Purcell  radiation 

1.  INTRODUCTION 

An  electron  moving  near  a  metal  grating  emits  Smith-Purcell  radiation.  The  relation  below  gives  the  wavelength  of  the  SP 
photon: 

in  which  p  =  vlc  is  the  ratio  of  the  velocity  v  of  electrons  to  the  Ught  velocity  c  in  vacuum,  Xg  is  the  metal  grating 
period,  n  is  the  spectral  order  and  t]  is  the  angle  of  observation  in  the  (x,  z)  plane.  The  schematic  layout  of  the  SP  effect 
geometry  is  presented  in  Fig.  1. 


Fig.  1.  The  geometry  of  the  configuration  of  Smith-Purcell  e}q)eriment 
The  electron  moves  in  vacuum  parallel  to  the  surface  of  a  grating  with  constant  velocity  v  =  v  -  along  the  trajectory  y  =  0 
‘  Corr>-sr»n><^nfe  Email:  scarlat@ifin.nipne  ro:  Telephone:  +40.01.780.42.90,  Fax:  +40.01.423.17.91 
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and  z  =  Zq=  const. ,  where  4, 4, 4  are  the  unit  vectors  in  the  x,  y,  z  directions,  respectively.  The  top  of  the  grating  is  in  the 
(x,  y)  plane. 

A  brief  review  of  the  basic  theory  of  metal  grating  coupled  radiation  and  a  summary  of  recent  investigations  of  properties  of 
the  radiation  produced  by  a  relativistic  electron  beam  is  given  in  reference  1. 

This  paper  presents  the  two-dimerrsional  SP  radiation  calculation  for  metal  gratings  with  rectangular  and  triangular  profile  in 
the  H-polarization  mode.  The  method  of  calculation  for  SP  radiation  is  based  on  the  Rayleigh  expansion  of  Coulombian  field 
of  the  electroa  The  metal  grating  surface  is  assumed  to  be  perfect  electrically  conducting. 

2.  THE  THEORY  OF  SMITH-PURCELL  EFFECT 


The  electric  field  of  the  moving  electron  is  described  by  a  set  of  evanescent  plane  waves  and  the  diffraction  of  these  waves 
produces  Smith-Purcell  radiation.  The  total  field  above  the  metal  grating  is  E{x,y,z,i)=E'  +E''  and 

H{x,y,z,i)-H'  +H’' ,  where  the  index  i  comes  from  incident  and  r  comes  from  reflected.  Incident  and  reflected  fields  are 
expanded  as  Fourier  integrals: 

E‘{x,y,z,t)=i^jr^)  ’  Re[/rfej  jE’^,z-,koy,(o)expifkoyy-iat)ikoy  , 


H '  (x,  y,  z,  r)  =  (2;r^  )  '  Re  \do)\  H'  (x,  z;  k^y ,  o)exp(/A:oyy  -  i(ot)lkQy  , 

_0  -00 

in  which  c,  with  c  the  speed  of  light  in  vacuum  and  ko  the  wave  vector  with  components  ^ 

equations  (2),  E'  andH*  represent  the  Fourier  transforms  of  the  field  vectors.  The  reflected  fields  are  also  expanded  as 
Fourier  integrals  in  which  the  Fourier  transforms  andH'^  satisfy  the  source-free  Maxwell  equations: 

(v-h/^oj;i^)xE''  -iwjLL^W  =0, 

=0, 

and  a  boundary  condition  at  the  grating  surface: 

nx(E* +E'')=0,  (4) 

in  which  n  is  the  unit  vector  normal  to  the  surface,  pointing  inside  the  metal  grating. 

For  the  H-polarization  case,  where  components  of  the  Fourier  transform  of  field  vectors  Hy  ^  0  and  =  0 ,  the  Fourier 


component  Hy  —Hy  —Hy  satisfies  the  Helmholtz  equation: 

dlH;  +d\H;  -kly^i;  =o,  (5) 

with  the  boundary  condition  n  ♦  =0  on  the  surface.  The  reflected  field  above  the  grating  {z  >  0)  can  be  represented  by  a 

Rayleigh  expansion  which  describes  the  field  in  terms  of  propagating  and  evanescent  waves: 

Ey  (x,  z;  koy,(v)  =  Z  Ey^n^y ,  <u)exp(tfe^  „x  +  iK„z) , 

"+r 

Hy{^,r,k(fy,o))=  .  «»)exp(/*^,„x  +  ik^„z), 

«=-00 

in  which  k^  „  =  k^^  +  Im  /  and  k^  „  =  (kg  -  kgy  -  k^„  . 

In  order  to  find  the  intensity  of  propagating  waves,  the  coefficients  Ey  „  and  Hy  „  have  to  be  calculated  in  the  Rayleigh 
expansions.  This  problem  is  referred  to  as  ihe  grating  problem. 

The  efficiency  of  the  metal  grating,  for  the  H-polarization  case,  is  given  by  the  so-called  radiation  factors: 

=  -4exp(2|A:o,|zo)-  l/i;,/ ,  (7) 

e  '  ' 

in  which  zq  is  the  distance  between  the  top  of  the  metal  grating  and  the  electron  trajectory.  Radiation  factors  depend  upon  the 
experimental  setup^,  the  beam  parameters  and  the  metal  grating. 
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3.  SOLUTIONS  OF  THE  GRATING  PROBLEM 


For  triangular  metal  gratings,  the  coefficients  of  the  Rayleigh  expansion  (6)  are  found  by  minimizing  the  quantity; 

(8) 

^  3  4 

where  L  is  the  length  of  one  period  of  the  grating.  This  is  referred  to  as  Improved  Point  Matching  Method  ’  . 

The  truncated  Rayleigh  expansion  for  Hy  is: 

Hy{x,Z-,koy,0))=  +  (9) 

When  N^oo  the  set  of  coefficients  Hy„{N-,kQy,o))  in  (10)  converges  to  the  Rayleigh  coefficients  Hy„  .  Minimizing  I„ 

we  obtain  a  system  of  linear  equations  which  can  be  expressed  in  the  form  of  matrix  equation  MxH  =  V^.  For  the  H- 
polarization  one  obtains  the  following  elements  of  the  matrix  M  and  of  the  vector  V  : 

=  i{n-p)^x  +  iilc,„-kly)f{x)  •[l  +  /'(x)^]'  dx ,  (10) 

L  L  '‘-8  J 

where  f{x)  is  the  function  which  describes  the  grating  profile  for  one  period  and  n,  /?  =  -qo  to  +  oo . 

This  method  is  generally  recommended  for  continuous  functions  that  describe  the  grating  profile  because  it  doesn’t  take  care 
of  singularity  points.  In  order  to  make  this  method  suitable  for  the  triangular  profile  we  used  a  smoothed  function  by 
replacing  the  top  of  the  triangle  with  a  circle  arc. 

For  lamellar  gratings  we  used  the  Modal  Expansion  Method"*.  For  this  case  the  infinite  system  of  linear  equations  that  have 
to  be  solved  is: 


=c,  (k= o,±i,±2,...). 


in  which: 


XT/  XT/* 

^  m,k  ^  m,0  ? 


■"  ^0z^g^k,0  ^  |  ^ m,k^ mSi  ’ 

2  |_  m=:0  J 

=«f;  f  cos(/«;D:/«)exp(-ifc,.„x>fe 

m=0  A  ^  + 1  0 

where  a  is  the  groove  length,  -  -{mn  I  of  |  ,  F^  =  exp(2//c^/2) ,  =2- q  ,  //  is  the  groove  height 

The  size  of  the  matrix  system  was  increased  until  the  convergence  to  the  desired  level  of  accuracy  is  obtained. 

4.  RESULTS  AND  DISCUSSIONS 


(14  a,  b) 


Using  computer  codes  we  performed  calculations  involving  matrix  systems  up  to  120  x  120  size.  This  implies  that  in  the 
expansion  (9)  up  to  N  =60  harmonics  were  taken  in  account.  All  values  have  ^en  calculated  for  the  first  propagative  order 
n  =  -1,  and  for  an  observation  plane  perpendicular  on  the  grating  surface  and  parallel  to  the  electron  trajectory.  Results  are 
presented  in  Fig.  2-7. 

Fig.  2  presents  the  calculated  radiation  factors  versus  the  angle  t]  for  lamellar  gratings,  for  electron  energies  of  1 
MeV  and  5  MeV.  The  data  for  5  MeV  have  been  multiplied  by  a  factor  of  10'^ . 
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Fig.  3  presents  the  same  results  as  in  Fig,  2,  but  for  other  grating  parameters  and  electron  energies  of  20  and  50  MeV 
respectively.  It  can  be  easily  observed  that  increasing  the  energy  of  electrons  the  radiation  factor  decreases. 


Xg  =  Imm,  a  =  0.5  xnm,h  =  0.25  ram  and  electron  energies  of 
1  MeV  and  5  MeV,  respectively. 


Xg  =  2rara,  a  =  0.5  ram,  h  =  0.\  mm  and  electron  energies  of 
20  MeV  and  50  MeV  respectively. 
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Fig.  4  presents  the  calculated  radiation  factors  |i?_,  versus  the  angle  tj  for  triangular  gratings  with  angles  a  -  30°  and  y 
=  23.8°,  Ag  =  2  mm,  h  =  0.5  mm  and  electron  energy  of  10  MeV. 


F^.  4.  Radiation  factors  |7?_,  versus  the  angle  for  triangular  gratings 
for  electron  energy  of  10  MeV. 


Fig.  5  presents  a  comparison  of  radiation  factors  |i?_,  f  versus  the  angle  t]  for  triangular  gratings  with  different  parameters 
and  electron  energy  of  1  MeV.  The  data  for  the  grating  with  blaze  anglea  =  5°,  =  '2  mm,  h  =  0.173  mm  have  been 

multiplied  by  a  factor  of  10. 


Fig.  5.  Radiation  factors  |R_,  versus  the  angle  t]  for  triangular  gratings 
for  electron  energy  of  1  MeV. 
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Fig.  6  presents  a  comparison  of  radiation  factors  versus  the  angle  rj  for  triangular  gratings  with  blaze  angles  a  =  10®  and  a 
=  15®,  respectively,  =  2  mm  and  electron  energy  of  10  MeV.  The  data  for  a  =  10®  have  been  multiplied  by  a  factor  of 


for  electron  energy  oflO  MeV  and  blaze  angles  of 
10°  and  15°,  respectively. 

Fig.  7  presents  a  comparison  of  radiation  factors  versus  the  angle  rj  for  triangular  gratings  with  blaze  angles  a  =  10°,  - 

2  mm  and  electron  energy  of  10  MeV  and  30  MeV,  respectively.  The  data  for  T  =  10  MeV  have  been  multiplied  by  a  factor 
of  10\ 


Fig.  7.  Radiation  factors  versus  the  angle  ?j  for  triangular  gratings, 

with  blaze  angles  of  10°  and  electron  energies  of 
10  MeV  and  30  MeV,  respectively. 
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5.  CONCLUSIONS 


This  paper  presents  the  calculated  radiation  factors  \R„{p,iif  as  a  measure  of  the  efficiency  for  Smith-Purcell 

radiation.  For  lamellar  gratings  we  used  the  Modal  Expansion  Method,  and  for  triangular  gratings  we  used  the  Improve  Point 
Matching  Method.  These  calculations  show  that  the  lamellar  gratings  are  more  efficient  then  the  triangular  ones  with  at  least 

one  order,  for  the  blaze  angles  considered.  Obviously,  an  increase  in  electron  energy  led  to  a  decrease  of  the  | 

We  have  restricted  our  calculation  for  lamellar  and  triangular  gratings  with  blaze  angle  to  observation  angles 
Tj  <  45*’  where  a  reliable  convergence  of  the  numerical  solution  of  the  infinite  linear  system  was  obtained.  The  size  of  the 

matrix  of  the  equations  system  varied  between  60  x  60  and  120  x  120. 

These  calculations  allow  the  choice  of  the  beam  and  the  metal  grating  parameters  in  order  to  perform  an  expenment 
for  obtaining  Smith-Purcell  effect.  Corrections  of  these  results  must  be  added  accounting  the  experimental  data. 
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ABSTRACT 

This  paper  presents  the  febrication  and  mirrors  passivation  process  of  InGaAs/AlGaAs/GaAs  narrow  stripe  (w=4^m) 
980  mn  emission  wavelength  laser  diodes  (LD).  After  mesa-stripe  definition  and  Au-contact  deposition  procedures,  a 
procedure  of  in-vacuum  cleaving  and  in-situ  passivation  with  X/4  or  y2-thick  ZnSe  layers  was  performed  960  ^im  and 
500  pm  length  laser  diodes  bars  was  febricated  as  a  result  Antireflection-high  reflectivity  (AR-HR)  (5  %  /  95  %)  coating 
were  formed  on  the  bars  &cets.  Laser  diodes  were  soldered  p-junction-side  down  on  copper  submounts.  The  room 
temperature  CW  threshold  current  value  of  20  mA  and  CW  maximum  output  power  of  440  mW  at  760  mA  punning 
current  were  obtained  The  far-field  emission  pattern  of  laser  diodes  is  lateral  single  mode  in  large  range  of  output  powers 
(from  10  to  250  mW).  These  laser  diodes  were  used  for  laser  diode  module  febrication.  In  this  module  the  laser  diodes  was 
coupled  with  tapered  single  mode  9pm/125pm  optical  fibre  with  a  fused  microlens  at  the  end  CW  output  optical  power  of 
40  mW  from  the  fibre  was  obtained  at  240  mA  operating  current  of  the  laser  diode  module. 

Keywords:  980  nm  laser  diode,  catastrophic  optical  damage,  mirrors  passivation,  laser  diode  module 

1.  INTRODUCTION 

The  laser  diodes  with  emission  wavelength  around  980-nm  is  the  preferred  pump  source  for  an  eibium-doped  fiber 
an^^lifier  (EDFA)  for  the  next  generation  of  Ughtwave  communication  systems  because  of  lower  noise,  high  power 
conversion  efiBciency,  and  low  temperature  sensivity  xmder  operating  conditions.  An  EDFA  consists  of  a  short  length  of  an 
optical  fiber  whose  core  has  been  doped  with  less  than  0.1%  Er,  an  optically  rare  earth  element.  Er  ions  are  pumped  up  to 
an  ui^r  energy  level  by  the  absorption  of  light  from  the  pump  source,  980  or  1480  nm.  The  transition  to  the  ground  state 
emits  a  photon  that  may  be  either  spontaneous  or  stimulated  This  devices  can  be  used  as  a  power  amplifier  to  boost 
transmitter  power,  an  optical  repeater  to  amplify  a  weak  signal,  and  an  optical  preamplifier  to  increase  receiver 
sensitivity  V  The  progress  in  »owth  and  fabrication  of  980  nm  lasers  has  been  so  rapid  that  the  state-of-the-art  lasers  are 
now  commercially  available  Besides  InGaAs/GaAs/AlGaAs  an  ”  Al-  free”  InGaAs/InGaAsP/InGaP  laser  also 
grown  on  GaAs  substrates,  has  emerged  as  another  promising  material  ^stem  for  980  nm  pump  lasers.  All  major  epitaxial 
techniques  (molecular  beam  epitaxy  (MBE),  chemical  beam  epitaxy  (CBE),  metallorganic  chemical  vapour  deposition 
(MOCYD))  have  been  used  to  grow  high-performance  lasers  with  comparable  excellent  results.  Nevertheless,  the  problem 
of  catastrofical  optical  damage  (COD)  of  the  mirrors  is  actual  for  both  laser  systems.  A  various  technical  solutions  were 
proposed  for  preventing  facet  degradation,  so  as  passivation  of  surfrce  in  sulfur  or  sulfur  based  conqx)unds  (NH4S2O) 
cleaning  or  formation  of  laser  facets  in  vacuum  followed  by  suitable  passivation  and  coating  with  dielectric  layers  (AI2Q3, 
Si02,  Zr2Q3,),  formation  of  nonabsorbing  mirrors  (NAM) 

Here,  we  report  our  work  aimed  in  optimising  of  the  mirrors  passivation  technique  to  achieve  a  higher  COD  level  of  980 
mn  InGaAs/AIGaAs/GaAs  lasers  and  fabrication  of  laser  diode  module  for  pumping  of  Er^  -  doped  devices. 

2.  EXPERIMENTAL 


2.1  Basic  laser  diode  structure 

The  basic  laser  diode  structure  was  a  strained  quantum  well  graded  index  separate  confinement  InGaAs/AlGaAs/GaAs 
heterostructure  (GRIN  SCH)  with  central  emission  wavelength  980  nm  and  was  grown  by  molecular  beam  epitaxy 

*  Correspondence:  Phone:  (+003732)  -  24-71-43,  E-mail:  optolab@ch.moldpac.md 


310 


In  SIOEL  V9:  Sixth  Symposium  on  Optoelectronics,  Teodor  Necsolu,  Maria  Robu,  Dan  C.  Dumitras,  Editors, 

Proceedings  of  SPIE  Vol.  4068  (2000)  •  0277-786X/00/$  15.00 


technique  (MBE)  on  3®  off  (100)  GaAs  substrate  \  The  typical  device  structure,  shown  in  Fig.  1,  is  essentially  similar  to 
that  of  an  AlGaAs/GaAs  quantum-well  {QW}  laser,  except  that  the  GaAs  QW's  ate  replacedty  InGaAs  quantum  wells 
sandwiched  between  GaAs  spacer  ktyers. 


Fig.  1  The  schematic  representation  of  I110.2  Gao  g  AsAjaAs  strained  layer  GRIN-SCH-  QW  laser 

The  structure  consist  of  O.Sp  m  -  thick  superlattice  buffer  n+  GaAs  buffer  layer,  O.lpm  -thick  siqjerlattice  buffer  layer  of 
five  periods  of  10  nm  GaAs  and  10  nm  AlGaAs,  a  2,0  pm  thick  n  -  A1 0.6  Gao.4  As  cladding  layer,  a  0. 15  pm  thick  jineariy 
graded  index  layer  of  n-  Al^Gai-x  As  with  x  and  n  decreasing  from  0.6  to  0.15  and  from  5x10  to  1x10  cin  , 
respectively,  a  60  nm-  thick  undoped  A1 0.15  Ga  0.85  As  layer,  three  8  tun  InGaAs/10  nm  GaAs  undoped  QW  active 
regions,  a  60  nm  thick  undoped  A1  o  is  Ga  oss  As  layer,  a  linearly  graded  0.15  pm  thick  p-Alx  Ga  i.*  As  layer  with  x 
and  p  innrptfiring  fix)m  0.15  to  0.6  and  1  xlO  to  5  x  10  cm  ^  respectively,  a  2.0  pm  thick  p-  A1 0.6  Ga  04  As  top 
cladding  layer,  and  a  0.2  jxm  thick  p  +  GaAs  contact  layer. 

The  InGaAs/AlGaAs/GaAs  sanqrles  were  processed  into  ridge  waveguide  (RW)  lasers.  To  febricate  these  devices  a 
standard  photolitografic  technique  was  used  to  define  the  4-5  pm,  and  25  pm  width  stripes.  The  4-5  pm  and  25  pm  width 
stripes  oriented  in  (110)  direction  were  formed  by  chemical  etching  of  the  top  layer  in  5:NaOH  +1:H202  +  liNRtOH 
solutioiL 

The  performance  of  high  power  laser  diode  are  dramatically  affected  by  degradation  proresses  of  Fabry-Perot  frcets.  In 
this  context  the  mirror  &cets  has  to  be  passivated  in  order  to  sujqjress  as  much  as  possible  the  (fcgradation  processes, 
leading  to  catastrophic  optical  damage  (COD).  From  a  few  numbers  of  publications  there  are  indications  that  the  COD  can 
be  drastically  reduced  thin  l^er  of  ZnSe ''  or  Si  *  deposition  on  the  cleaved  facet. 

The  mirror  fecets  in  the  most  semiconductor  laser  diodes  are  formed  by  cleaving  in  the  ambient  room  air.  As  a  resdt,  fee 
semiconductor  surface  oxidises  and  this  effect  leads  in  increasing  of  fee  surface  nonradiative  electron-hole  recombination 
and  reabsorbed  laser  emitted  light  via  surface  states  and  cause  fee  excess  heating  at  fee  laser  diode  fecets  and  finally  to  fee 
COD® 

During  performing  this  work  we  have  continue  to  developed  fee  method  of  fee  laser  diodes  mirrors  protection 
simultaneously  wife  cleaving  of  fee  epitaxial  wafer  in  vacuum,  reported  early '®.  For  this  ejqjeriments  ZnSe  and  also  Si02 
layers  deposed  by  E-beam  evaporation  techmque  were  used. 
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For  simultaneously  in  vacuum  cleaving  and  passivation  of  LD  mirrors  bars  a  mechanical  fixture  was  developed  The 
fixture  consists  of  two  rotable  holders  that  first  cleave  and  then  rotate  the  epitaxial  wafer  that  the  two  cleaved  &cets  face 
the  beam  of  an  evaporation  source.  ZnSe  protective  films  with  100-200  nm  thickness  (~X/4  and  XU)  were  deposited  to  the 
LD  cleaved  facets  by  E-beam  evaporation  method  firom  the  Knudsen  cell,  in  vacuum  not  worse  10"^  mm  Hg.  The 
passivation  process  was  made  for  the  LD  bars  directly  cleaved  in  the  stream  of  evaporated  material  (in-situ  deposited 
process),  and  for  preliminary  cleaved  wafer  in  the  ambient  room  air  (ex-situ  deposited  process). 

For  sur&ce  morphology  stucfy  of  the  in-vacuum  cleaved  facets  and  for  estimation  of  in-situ  ZnSe  coated  fecets  status,  the 
atomic  force  microscopy  technique  and  photocurrent  spectroscopy  (spectral  response  (SR))  were  used  as  well 

req)ectively 

The  analysis  of  AFM  pictures  have  shown  that  for  samples  in-air  cleaved  even  a  short  time  in  air  exposed  (10  min)  is 
sufBcient  for  growth  of  an  1,5  nm  thick  oxide  layer  on  laser  diode  facets.  For  in-vacuum  cleaved  and  in-situ  coated  with 
Imn  Si02  l^er  samples,  the  0, 1  nm  amplitude  of  the  oxide  relief  remain  constant  even  after  24  hours  to  the  air  exposure, 
thus  proving  the  excellent  passivating  properties  of  1  nm  SiCb  film 

The  SR  spectra  of  InGaAs/AKJaAs/GaAs  heterostructures  shows  the  similar  results  as  for  AKjaAs/CJaAs  and  “Al-firee” 
laser  diodes  investigated  in  The  in-situ  passivated  InGaAs/AlGaAs/GaAs  samples  had  a  value  of  photocurrent  signal  in 
short-wave  domain  higher  than  for  ex-situ  passivated  and  for  uncoated  laser  diodes. 

2.2  Laser  diodes  characteristics 

The  (ksign  of  mechanical  fixture  for  in-vacuum  cleaving  and  in-situ  passivating  allow  to  cleave  laser  diode  bars  with 
certain  cavity  length.  After  standard  ohmic  contact  deposition  technique,  the  epitaxial  wafer  was  in-vacuum  cleaved  in  LD 
bars  with  length  SOOfim,  960  pm  (narrow  stripe  devices  (w=4pm))  and  750  pm  lengths  (broad  area  devices  (w=25pm)) 
and  consequently  have  been  passivated  with  X/2  thick  ZnSe  layers.  Laser  diode  chips  was  indium  soldered  p-side  down  on 
Cu-Md  subcarriers. 

In  order  to  estimate  the  laser  diodes  performances  the  light-current  and  spectral  characteristics  of  InGaAs/AlGaAs/GaAs 
was  performed.  The  output  optical  power  was  measured  firom  AR  (5  %)  coated  facets,  using  experimental  set-up 
represented  in  Fig.2. 


Fig.  2  Experimental  set-up  for  output  power  measurements  of  laser  diodes 
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The  room  temperature  continues  wave  (  CW)  threshold  current  value  of  20  mA  for  narrow  stripe  (w=4  pm,  L=500pm) 
and  CW  maximum  ouQmt  power  of  440  mW  at  760  mA  pumping  current  were  obtained.  For  broad  area  (w=25pm, 
L=750  pm)  ID  the  CW  threshold  current  66  mA  and  CW  output  power  900  mW  at  1.43  A  were  obtained  ^ig.  3).  Both 
devices  were  X/2  ZnSe  in-vacuum  cleaved,  in-situ  passivated  and  AR-HR  coated.  The  emission  spectra  of  narrow  stnpe  LD 
was  ifingihidinal  singlc-mode  with  emission  wavelength  X=979  pm  and  bandwidth  AA.=0.2  nm  (1=100  mA)  (Fig.  4  b). 


Measured  lateral  &r-field  pattern  was  also  single-mode  at  output  levels  ranging  from  10  to  250  mW  (Fig.4  a). 


Fig.  3  T.ight  -  current  characteristics  of  narrow  stripe  (w=4  pm)  a)  and  broad  area  (w=25  pm  )  b)  InGaAs/AlGaAs/GaAs  RW  laser 
diodes  with  ZnSe  in-situ  passivated  minors  and  AR  =5  %,  HR  =95  %  coatings 


^0  -20  0  20  40 

Angle,  deg 

a) 


b) 


Fig.  4  Far-field  pattern  (a)  and  emission  spectra  (b)  of  h^  power  980  nm  narrow  stripe  (w=  4  pm) 

InGaAs/AdGaAs/GaAs  laser  diode 


2.3  Laser  diode  module  fabrication 

For  laser  mnHnip  fabrication  we  have  used  narrow  stripe  (w=4^-5pm)  InGaAs/AlGaAs/GaAs  RW  diodes  with  cavity  length 
SOOpm.  LD  was  mounted  on  AIN/Cu-Md  or  BeO/Cu-Md  subcarriers  and  the  preliminaiy  Hght-current  and  fer-field 
distribution  characteristics  was  measured  After  this  testing  procedure  the  LD  was  moimt^  into  package  (Fig.  5).  A 
special  coupling  scheme  was  elaborated  in  order  to  achieve  efficient  coupling  of  LD  emission  into  single-mode  optied 
jBbre.  In  Fig.  6  is  shown  a  basic  layout  of  laser  diode  module.  The  device  was  temperature  controlled  using  therm<^lectnc 
cooler  TEM05  and  thermistor,  mounted  in  nearest  vicinity  of  the  LD  chip.  For  optical  power  monitoring  the  internal 
InGaAsP/InP  p-i-n  photodiodes  (home  made)  were  mounted  near  the  rear  facet  of  the  laser  diode.  The  end  of  single-mode 
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iBber  was  in  vacuum  metalised  and  consequently  tapered  and  microlensed,  using  electric  arc  equipment  KCC-111. 
A  tapered  end  of  the  fibre  was  installed  to  the  special  GaAs-based  microsaddle,  mounted  on  the  common  Si02  carrier  with 
two  integrated  microheater.  The  positioning  of  the  fibre  was  performed  under  continous  control  of  output  power  when 
laser  diode  operate.  As  high  precision  unit  for  optic  fibre  positioning  a  positioner  PV-101  was  used.  In  Fig.  7  is  shown  a 
optical  output  power  characteristic  of  LD  module  SLM-980.  CW  output  optical  power  of  40  mW  from  the  fibre  was 
obtained  at  240  mA  operating  current  of  the  laser  diode  module. 


Fig.  5  Picture  of  the  packaged  laser  diode  module  SLM-980 


Fig.  6  A  basic  layout  of  the  laser  diode  module.  1  -  Peltier  thermocooler,  2  -  Cu  carrier,  3  -  Single  mode  fibre  optic,  4-Microsaddle,  5  - 
Laser  diode,  6  -  AIN  or  BeO  carrier,  7  -  Cu-Md  carrier,  8  -  Quartz  carrier  with  microheater,  9-Microheater,  10  -  PbSn  alloy,  11- 

Monitoring  FD,  12  -  Thermistor 


314 


Fig.  7  Light-current  characteristics  of  single  mode  fibre  pigtailed  InGaAs/AlGaAs/GaAs  LD  module 

3.  SUMMARY 

We  have  realised  a  scheme  for  in-vacuum  cleaving  and  in-situ  passivating  of  InGaAs/AlGaAs/GaAs  strained  quantum 
well  laser  diodes.  The  narrow  stripe  (w=4-^5  pm)  and  broad  area  (w=25  pm)  ZnSe-AR-HR  coated  devices  w^  fabricated. 
The  results  of  AFM  and  SR  studies  j^ows  us  to  say  that  the  cons^ence  of  the  in-situ  depoated  ZnSe  or  SiCb  layers  on 
the  mirrors  fecets  is  the  density  states  reducing  in  comparison  with  uncoated  or  ex-situ  passivated  samples.  This  &ct  is 
very  attractive  for  increasing  of  the  laser  diodes  COD  level. 

The  room  temperature  threshold  current  of  20  and  66  mA  and  CW  maximum  output  power  of  440  mW  (Ipuinpmg—760  mA) 
and  900  mW  (Ipuinpi.g=  1-43  A)  for  narrow  stripe  and  broad  area  LD,  respectively,  was  achieved.  Using  narrow  stripe 
device  a  single  mode  fibre  pigtailed  LD  module  was  fabricated.  CW  output  optical  power  of  40  mW  fi-om  the  fibre  was 
obtained  at  240  mA  operating  current  of  the  laser  diode  module. 
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Tunable  laser  diode  sources  for  830  nm  and  980  nm  wavelength  range 
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ABSTRACT 

This  p^r  describes  the  febrication  technique  and  operating  characteristics  of  cleaved-coupled  cavity  (C3)  tunable  source 
with  central  emission  wavelength  835mn  and  980  nm.  The  C3  concept  is  realised  using  gain-guided  AlGaAs/GaAs  single 
quantum  well  (SQW)  and  ridge-waveguide  InGaAs/AlGaAs/GaAs  multiquantum  well  (MQW)  heterostructures.  The 
tunable  wavelength  range  for  these  devices  was  10  nm  and  16  nm  respectively.  The  coupled  cavity  was  formed  by  cleaving 
the  laser  diode  (LD)  f^hips  in  two  parts.  The  cleaved  sections  held  together  the  contact  metals,  were  then  indium 
soldered  p-si(k  up  to  a  co^Jer  heat  shik  for  CW  operation.  The  sections  length  of  the  980  nm  C3  laser  was  320pm  and  440 
pm  and  240  pm,  260  pm  for  835  nm  device.  The  emission  spectra  of  835  nm  and  980  nm  C3  laser  diodes  are  presented. 

Keywords:  tuneable  source,  cleaved-coupled-cavity  laser  diode 

1.  INTRODUCTION 

Currently  wavelength  tunable  semiconductor  laser  diodes  has  very  large  application  in  different  field  such  as  wavelength 
division  mnltiplfiving  (WDM)  telecommunications  systems,  Raman  spectroscopy,  frequency  doubling,  material 
characterisations,  remote  sensing  The  distinguished  characteristics  of  this  optoelectronics  (^ces  and  subsequently  the 
main  requirement,  is  a  narrow  spectral  -linewidth  and  widely  wavelength  tunable  range. 

The  umpahip!  laser  diodes  can  be  divided  in  three  groups  defined  by  different  tuning  mechanism ' : 

1)  Interferometric  tuneable  lasers  like  cleaved-coupled  cavity  C3  and  Y  lasers. 

2)  rnntraHinpirfinnal  filtering  tuneable  lasers  such  as  distributed  feedback  (DFB)  and  distributed  Bragg  reflectors 
(DBR)  lasers. 

3)  Codirectional  filtering  structure  like  vertical  cavity  filtering  structure  like  the  vertical  cavity  filter  (  VCT) 
laser. 

Such  of  devices  that  represents  this  classifications  has  proper  advantages  and  disadvantages  that  consist  in  technical 
performances  and  fabrication  abilities,  but  one  the  main  requirement  is  technological  simplicity  and  wide  tuneable 
performances. 

Currently  the  main  applications  of  tuneable  laser  sources  are  in  WDM  telecommumcations  systems,  where  the  sources 
with  emission  wavelength  at  1,55  pm  and  1,3  pm  are  needed.  A  large  number  of  DFB  and  DBR  schemes  have  been 
propxrsed  and  developed  for  this  applications,  but  technological  procedures  of  (fcvices  fobrication  are  very  sophisticated  . 
On  the  other  hand  there  are  special  applications  such  as  high  resolution  atomic  microscopry,  laser  cooling  of  neutral  atoms 
new  opP)electronics  devices  testing,  where  the  low-  cost  tunable  sources,  emitting  in  the  800  -  1000  nm  wavelength 
range  are  needed.  How  was  mentioned  above,  one  of  the  scheme  for  wavelength  tumng  is  a  C3  laser  diode.  This  is  a 
simple  scheme  and  is  relatively  easy  to  fabricate.  The  first  results  about  realisation  of  this  device  was  presented  Ity  Tsang 
for  C3  pmifting  in  1,55  pm  wavelength  range"*.  In  this  piapier  are  presented  the  experimental  data  of  investigations  and 
procedure  of  AlGaAs/GaAs  single  quantum  well  (SQW)  and  InGaAs/AlGaAs/GaAs  multiquantum  well 
(MQW)  C3  laser  diodes  operating  in  the  830  -  850  nm  and  970  -  980  nm  wavelength  range. 


*  Correspondence:  Phone:  (+003732)  -  24-71-43,  E-mail:  opjtolab@ch.moldp)ac.md 
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2.  EXPERIMENTAL 


2.1.  Basic  structures 

Two  sets  of  heterostracture  were  used  in  this  work  -  AlGaAs/GaAs  single  quantum  well  (SQW)  and 
InGaAs/AlGaAs/GaAs  multiquantum  well  (MQW)  heterostructures.  The  AlGaAs/GaAs  heterostructure  with  central 
emission  wavelength  835  nm  was  grown  using  low  temperature  liquid  phase  epitaxy  (LPE)  technique  in  the  temperature 
interval  600-  640  ^  and  consists  of  a  2  pm  n-GaAs  buffer  layer,  a  0.9  pm  n-Alo,64Gao,36As  cladding,  0.15  pm  n-  Alo,6- 

o,3Gao,4^,7As  graded  index  (GRIN)  waveguiding,  17  nm  n  -  Alo,o8Gao,92As  active  layer,  0.15  pm  n-Alo.6-o,3Gao,4-o,7As  GRIN 
waveguiding,  0.2  pm  n  -  Alo,66Gao34As  cladding,  0.4  pm  p-  Alo,66Gao,34As  cladding  and  a  0,2  pm  p^  GaAs  cap  layer. 

The  second  heterostracture  was  InGaAs/AlGaAs/GaAs  strained  multiquantum  well  (MQW)  graded  index  separate 
confinement  heterostracture  (GRIN  SCH)  with  central  emission  wavelength  980  nm  and  was  grown  hy  molecular  beam 
epitaxy  technique  (MBE)  on  3^  off  (100)  GaAs  substrate^.  The  structure  consist  of  0.5p  m  -  thick  superlattice  buffer 
n+  GaAs  buffer  layer,  0,1pm  -thick  superlattice  buffer  layer  of  five  periods  of  10  nm  GaAs  and  10  nm  AlGaAs,  a  2,0  pm 
thick  n  -  A1  0,6  Gao,4  As  cladding  layer,  a  0.15  pm  thick  linearly  graded  index  layer  of  n-  AlxGai.x  As  with  x  and  n 
decreasing  fiem  0.6  to  0.15  and  from  5x10^’ to  IxlO'®  cm’^,  respectively,  a  60  nm-  thick imdoped  Alois  Gaoss  As  layer, 
three  8  nm  InGaAs/10  nm  GaAs  undoped  QW  active  regions,  a  60  nm  thick  undoped  A1  o.is  Ga  oss  As  layer,  a  linearly 
graded  0,15  pm  thick  p-Alx  Ga  i.x  As  layer  with  x  and  p  increasing  from  0.15  to  0.6  and  1  xlO^^  to  5  x  lO'^  cm^ 
respectively,  a  2.0  pm  thick  p-  A1  o.e  Ga  0.4  As  top  cladding  layer,  and  a  0.2  pm  thick  p  +  GaAs  contact  layer. 

The  AlGaAs/GaAs  and  InGaAs/AlGaAs/GaAs  samples  were  processed  into  oxide  stripe  gain-guided  (GG)  and  ridge 
waveguide  (RW)  lasers  respectively.  The  reason  of  choice  of  such  LD  design  is  the  longitudinal  mode  discrimination 
proprieties.  For  gain  -  guid^  and  weakly  guided  (RW  with  low  depth  ridge)  the  discrimination  ratio  of  longitudinal  mode 
is  less  then  for  buried  heterostracture  (BH)  LD,  or  other  strongly  index-  guided  LD’.  To  fabricate  oxide  stripe  GG  lasers  a 
standard  photolitografic  technique  was  used  to  define  the  6  -  7  pm  width  stripes.  The  4  -5  pm  width  stripes  (RW 
InGaAs/AlGaAs/GaAs)  oriented  in  [110]  direction  were  formed  chemical  etching  of  the  top  layer  in  5:NaOH  +1:H2(>2 
+  LNHtOH  solution.  After  standard  ohmic  contact  deposition  procedure,  the  laser  diode  bars  with  cavity  length  240  pm, 
260  pm  (AlGaAs/GaAs)  and  760  p  m  (InGaAs/AlGaAs/GaAs)  were  cleaved  firom  the  samples. 

For  improving  of  reciprocal  cavity  coupling  ratio  of  C3  devices,  the  antireflection  coating  (AR)  of  inside  facets  are  needed 
In  this  work  the  AR  coating  (R  =0.1)  was  deposed  only  on  one  facet  of  the  (AlGaAs/GaAs)  laser  diode  (LD)  bars,  after 
first  X/2  ZnSe  deposition  procedure  So  the  LD  bars  with  asymmetrical  coating  (Ri  =0.3,  R2  =  0, 1)  were  prepared 

The  InGaAs/AlGaAs/GaAs  760  pm  cavity  length  samples  was  subsequently  cleaved  into  discreet  laser  diodes  chips  and 
after  then  -  was  cleaved  into  2  parts  (sections)  with  length  320pm  and  440  pm  length.  The  cleaved  sections,  held  together 
by  the  contact  metals,  were  then  indium  soldered  p-  side  up  to  a  Cu  heatsink. 

The  AlGaAs/GaAs  was  also  cleaved  into  discreet  LD  and  was  mounted  on  the  common  Cu  heatsink  in  order  to  form  a 
coupled  cavity  scheme.  The  AR  facets  were  put  inside  of  the  device  and  after  reciprocal  adjustment  of  the  stripes  the 
sections  were  indium  soldered  as  well.  The  intercavity  gap  width  Lg  was  for  AlGaAs  /GaAs  ^ut  5  pm  and  for 
InGaAs/AlGaAs/GaAs  about  1  pm. 

2.2.  Toning  mechanism  and  C3  performances 

Generally  the  C3  scheme  that  have  used  in  present  work  is  named  active-active  schemes,  because  both  sections  can  be 
pumped  to  provide  gain.  The  devices  fix)m  this  categoiy  are  also  called  three-terminal  devices,  since  three  electrical 
contacts  are  used  to  pump  the  two  optically  coupled  but  electrically  isolated  cavity  sections.  The  active-active  scheme 
offers  the  possibility  of  electronic  shitog  since  the  current  of  two  cavities  can  be  independently  controlled.  If  one  of  the 
cavities  is  operated  below  threshold,  a  change  in  its  drive  current  significantly  changes  the  carrier  density  inside  the  active 
region.  Since  the  refractive  index  of  a  semiconductor  laser  changes  along  with  the  carrier  density,  the  longitudinal  modes 
shift  with  a  change  in  the  drive  current,  and  different  FP  modes  of  laser  cavity  can  be  selected. 
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In  the  design  of  a  coupled-cavity  lasers,  the  cavity  length  LI  and  L2  are  at^ustable  to  some  extent.  The  performances  of 
such  lasers  depends  on  the  relative  optical  length  njLl  and  n2L2  of  the  two  cavities,  where  ni  and  n2  are  the  effectrve 
refractive  indices.  Another  parameters  of  C?  laser  is  the  intercavity  gap  width  Lg  between  cavities,  and  of  that  depend  the 
coupling  efiBciency.  The  air  gap  itself  forms  a  third  cavity,  and  the  intercavity  coiqrling  is  affected  by  the  loss  md  phase 
shift  experienced  by  the  optical  field  while  traversing  the  gap.  A  theoretical  analysis  of  the  C3  lasers  shows  that  the 
coupling  constant  C  have  a  maximal  value  for  Lg=ffiX/2  (m  is  an  integer),  but  decrease  exponentially  with  increasing  of  m. 
Due  of  this  fact,  we  have  fabricated  the  C3  with  different  values  of  intercavity  gap  (1  pm  and  5  pm),  because  varyrng  Lg 
we  have  vary  the  coiqrling  constant  C  as  well  and  so  may  vary  the  tune^le  performances  of  devices.  In  Fig.  1  and  Fig.  2 


Fig.l  Tuniiig  mechanism  of  C3  laser  diode  Fig.  2  The  picture  of  the  InGaAs/AlGaAs/GaAs 

C3  laser  diode 


For  A1  GaAs  /  GaAs  C3  (tevice  the  length  of  ouQnit  cavity,  section  1,  was  240  p  m  while  the  length  of  the  control  cavity, 
section  2,  was  260  pm.  The  CW  threshold  current  for  laser  section  1  was  21  mA  with  no  current  applied  to  the  other 
cavity.  For  laser  section  2  this  parameter  was  22  mA.  For  InGaAs/AlGaAs/GaAs  C3  device  the  lengths  of  sections  1  and  2 
was  320  and  440  respectively.  The  CW  threshold  currents  of  sections  1  and  2  at  room  temperature  was  15  mA  and  18  ^ 
respectively.  The  spectral  characteristics  of  the  C3  lasers  were  measured  under  various  operating  conditions  by  changing 
the  level  of  pumping  current  via  sections  and  also  the  temperature  of  devices.  In  Fig.  3  is  shown  the  experimental  set-up 


The  C3  devices  was  temperature  controlled  using  the  5,3  W  thermoelectric  cooler  (TEC)  Melcor  and  TEC  driver  TED 
200.  The  section  1  and  2  was  independently  pumped  using  two  laser  diode  controller  LDC  200.  For  coupling  of  C3  LD 
with  ginglft  mode  fibre  (5,5  pm  /125  pm)  the  hemispherical  microlensed  fibre  and  Newport  pozitioner  was  used.  Other  end 
of  the  fibre  was  spliced  with  FC  connector.  The  spectral  characteristics  of  A1  GaAs/GaAs  and  InGaAs/AlGaAs/GaAs  C3 
was  measured  tming  Hewlett  Packard  optical  spectrum  analyser  OSA  HP  70004A  wifli  spectral  resolution  bandwidth 
0.08  nm.  Fig.4  shows  the  optical  spectra  obtained  for  different  currents  aH)lied  to  section  1  and  2  for  InGaAs/AlGaAs/ 
GaAs  and  AlGaAs/CSaAs  devices.  The  wavelength  tunability  range  for  A1  GaAs/GaAs  and  InGaAs/AlGaAs/GaAs  C3  was 
estimated  12.3  nm  and  16  nm  respectively. 
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Light,  a.iL 


In  Tab.  1  aie  shown  the  experimental  data  of  measured  emission  spectra  of  AlGaAs/GaAs  C3  LD  for  various  combinations 
of  currents  via  sections  1  (IQ  and  2  (I2). _ 
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Fig.  4  Emission  spectra  of 980  mn  a)  and  835  nm  C3  laser  b)  under  various  pumping  currents 
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Usually  the  emissinn  spectra  of  the  C3  devices  when  operating  only  one  cavity  (section  1)  is  longitudinal  multimode,  but 
when  ai^lied  current  to  a  second  section  the  emission  spectra  becomes  single  mode  with  secondary  mo<fe  rejection  ratio  no 
less  than  30  dB.  Fig.  5  illiiigtrates  the  single  mode  emission  spectra  for  one  and  another  devices  when  the  both  sections  are 
pumped.  The  measured  bandwidth  of  both  devices  in  this  case  was  limited  spectral  resolution  of  optical  spectrum 
analyser  OSA  HP  70004A  (0.08  nm)  and  was  less  then  0.08  nm.  The  highest  optical  ouQjut  power  djtained  in  a  single 


a)  b) 

Fig.  5  Emission  spectra  of  835  nm  (Ii  =35.6  mA,  I2  =29.6  mA )  (a)  and  980  nm  (Ii  =2.52  mA,  I2— 12.4  mA) 

(b)  C3  lasers,  Ak  <0.08  mn 

3.  SUMMARY 

By  performing  the  present  work  a  cleaved  coupled  cavity  laser  diode  for  830-850mn  and  970-980  nm  wavelength  range 
was  developed.  These  devices  are  a  simple  and  nonexpensive  wavelength  tunable  sources.  The  wavelength  of  such  device 
m^  be  shifted  and  adjusted  to  a  fixed  value  changing  of  pumping  currents  via  sections  or  changing  the  device 
temperature.  The  tunability  range  was  12,3  nm  for  AlGaAs/GaAs  gain  —  guided  C3  LD  and  16  nm  for  InGaAs/AlGaAs/ 
GaAs  ridge  waveguide  device.  The  AlGaAs/GaAs  C3  LD  was  designed  with  AR  coating  of  insiik  &cets  and  the 
intercavity  gap  Lg  =  5p.  m,  while  the  InGaAs/AlGaAs/GaAs  C3  has  uncoated  &cets  and  intercavity  gap  Lg  =  Ip.  m. 
Nevertheless,  the  tunability  wavelength  range  was  comparable  for  one  and  another  device.  This  fact  allow  to  conclude  that 
by  using  the  AR  coating  device  design  we  may  to  increase  the  intercavity  gap,  while  the  tunability  range  is  not  very  strong 
affected  by  this  fiict.  The  C3  devices  can  operate  in  a  stable  non-hoKiing  single  mode  regime  with  spectral  bandwidth  less 
than  0,08  nm.  These  source  can  be  useful  in  several  applications  in  which  the  wavelength  tunability  and  concomitantly  the 
relatively  narrow  bandwidth  are  needed. 
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Solar  cells  optimization  from  spectral  response 


G.Stoenescu  * 

University  of  Craiova,  Department  of  Physics 
13  A.LCuza,  Craiova  1100,  Romania 


ABSTRACT 

We  propose  a  rigorous  theoretical  simulation  of  the  homojunction  solar  cell  spectral  response  which  allows  us  to 
derive  the  absoption  spectra  of  the  given  samples  and  to  study  the  influence  of  high  energy  particle  beams  on  the  cell 
performances.Moreover,  the  computation  based  on  our  model  provide  the  values  of  certain  microscopical  parameters 
which  are  consequently  used  in  solar  cells  design  optimization. 

Keywords.solar  cells,  irradiation,  spectral  response 

1.  INTRODUCTION 

The  action  of  high  energy  particle  beams  (electrons,  protons,  neutrons,  X-quanta)  may  strongly  change  the  energy 
spectrum  corresponding  to  the  induced  crystalline  defects  in  the  Si  solar  cell  structure,^  one  of  them  implies  an 
increasing  in  the  electron-lattice  interaction  for  the  electrons  laying  in  the  higher  valence  states,  thus  strengthening 
their  localization  degree;  an  other  one  leads  to  a  decrease  in  the  interaction  energy  and  of  the  localization  degree  as 
well. 

One  may  describe  the  effects  of  these  phenomena,^  ^  in  terms  of  the  energy  gap  value  and  of  its  variation  as  a 
function  of  the  electronic  valence  states.  The  energy  gap  changing  is  also  recognizable  in  the  spectral  response  of 
the  photocurrent  or  photovoltage.  It  is  obviously  displaced  towards  smaller  wavelengths  (larger  energy  values)  in 
the  first  analyzed  case,  while  in  the  second  one  we  measured  a  displacement  in  the  opposite  direction. 

A  meaningful  and  rigorous  form  of  the  spectral  response  is  given  if  we  use  a  theoretical  model  depending  on  the 
absorption  coefficient  a  (A),  base  layer  width,  top  layer  width,  space-charge  width,  top  and  base  layer  minority-carrier 
diffusion  lengths,  top  and  back  -surface  minority-carrier  recombination  velocities,  top  and  base  layer  minority-carrier 
diffusion  velocities. 

We  computed  these  microscopical  parameters  and  their  modified  values  after  irradiation  showing  that  the  effect  on 
the  spectral  response  is  important  from  the  point  of  view  of  its  displacement  towards  smaller  wavelength  values. 

2,  THE  ROLE  OF  THE  PREPARATION  TECHNOLOGY  AND  IRRADIATION 

PROCESS 

We  present  in  this  section  the  technological  procedure  for  the  preparation  of  Cu^Se-CdSe  solar  cells  as  well  as  our 
studies  on  the  influences  of  the  preparation  conditions  and  irradiation  processes  on  the  thin  films  properties. 

The  CuxSe-CdSe  solar  cells  were  produced  by  using:  a  first  electrode  obtained  by  deposition  on  a  glass  substrate, 
after  the  CdSe  thin  film  has  been  condensed;  a  Cua;Se  layer  made  by  dipping  in  hot  CuCl  solution  (15-40s);  an  upper 
grill  Au  or  Au  and  Cu  electrode  obtained  by  thermal  evaporation  in  vacuum. 

The  CdSe  thin  films  have  been  obtained  by  thermal  evaporation  and  condensation  in  vacuum  (10”^  torr).  The 
substrate  consists  of  optically  flat  silica  glass  heated  at  25  up  to  370^(7  temperature.  The  evaporation  temperatures 
were  700, 760, 780°C.  The  thickness  of  the  resulted  layers  was  0.3  —  4.5^m. 

The  following  parameters  were  modified  during  the  fabrication  procedure:  the  evaporation  chamber  pressure  (5  ♦ 
10“^  —  5  •  10“ ®  torr);  the  evaporation  (700  —  780° C)  and  condensation  (25  —  380° (7)  temperatures;  the  evaporation 
duration;  the  distance  between  the  evaporator  and  the  substrate;  the  layer  thickness;  the  substrate  nature. 

The  crystalline  structure,  the  size  and  degree  of  orientation  of  the  crystallites  depend  on  the  experimental  conditions 
during  preparation,  especially  on  the  substrate  temperature  during  condensation.  A  clear  improvement  in  this 
structure  was  proven  to  occur  when  the  substrate  temperature  is  increased  and  the  evaporation  chamber  pressure 
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is  decreased.  The  electrical  resistivity,  photoconductivity  and  optical  absorption  spectra  of  the  thin  films  strongly 
depend  on  the  preparation  and  further  treatments. 

The  irradiation  (3-10  Mev  fast  electrons)  action  on  the  crystalline  structure  and  cells  performances  was  also  investi¬ 
gated.  Electron  diffraction  technique  was  then  used  in  order  to  study  the  crystalline  structure  for  various  deposition 
conditions  and  irradiation  parameters. 

The  structural  analysis  performed  by  electron  diffraction  on  CdSe  thin  films  showed  a  strong  dependence  on  the 
sample  producing  technique,  specially  on  the  substrate  temperature.  For  low  temperatures  {tg  =  25  -  150°  (7), 
the  crystallites  have  small  dimensions  {L  10“^cm)  and  a  large  number  of  defects  occurs.  By  contrast,  if  the 
temperature  is  higher  {tg  =  250  -  350° C)  and  the  pressure  is  about  10"^  torr,  the  crystalline  structure  is  clearly 
improved.  In  addition,  these  layers  have  a  better  behavior  after  irradiation,  for  7-9  MeV  fast  electron  irradiation, 
up  to  5  •  10^  Gy  doses. 

We  used  CdSe  thin  films  obtained  at  various  tg  values  and  then  irradiated  with  fast  electrons  in  order  to  increase 
the  crystallite  dimensions  and  orientation  degree  and  to  decrease  the  number  of  non-stoichiometric  atoms  as  well. 


— B-before  irradiation 
— • —  C-after  the  first  irradiation 
—A —  D-after  the  second  irradiation 


This  effect  is  based  on  the  mechanism  induced  by  the  irradiation  process,^  ^  which,  if  the  dose  is  large  enough, 
enhances  the  diffusion  of  the  imperfection  atoms  (Cd  and  Se)  which  in  turn  may  fill  the  nodal  vacancies  in  the 
lattice. 

The  samples  were  also  subjected  to  a  supplementary  irradiation  having  a  quite  small  dose  (1.2  *  10^  Gy),  in  order 
to  avoid  the  irradiation  threshold  value  corresponding  to  the  maximum  in  photocurrent  values.  We  show  in  fig.  1,2 
the  photoconductivity  measurements  for  two  substrate  temperatures  and  unirradiated  as  well  as  irradiated  samples, 
proving  that  an  improvement  occurs  at  higher  tg.  By  contrast,  if  the  original  structure  of  the  sample  is  very  poor, 
the  irradiation  leads  to  an  increasing  of  the  defects  number  and  even  to  the  appearance  of  the  amorphous  phase. 

In  conclusion,  the  substrate  temperature  and  the  irradiation  doses  were  shown  to  be  the  main  factors  which  determine 
the  changing  in  the  cell  behavior  due  to  the  microscopical  modifications. 
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B-before  irradiation 


C-after  the  first  irradiation 


Fig.2  Photoconductivity  of  the  CdSe  thin  films,  for  substrate  temperature  t  =  100°  C 


3o  CONCLUSIONS  AND  RESULTS  OF  THE  THEORETICAL  SIMULATIONS  FOR 

SOLAR  CELLS 


Generally,  one  of  the  main  criteria  in  selecting  the  semiconductor  materials  for  preparing  solar  cells  is  the  stability  of 
their  performances  under  certain  variations  in  the  medium  conditions  and  specially  under  the  action  of  high  energy 
particle  beams  (electrons,  protons,  neutrons,  X-quanta). 

These  radiation  types  may  strongly  change  the  energy  spectrum  corresponding  to  induced  crystalline  defects:  the 
one  which  implies  an  increasing  in  the  electron-lattice  interaction  for  the  electrons  laying  in  the  higher  valence  states, 
thus  strengthening  their  localization  degree;  the  one  which  leads  to  a  decrease  in  the  interaction  energy  and  of  the 
localization  degree  as  well. 


One  may  describe  the  effects  of  these  phenomena  in  terms  of  the  energy  gap  value  and  of  its  variation  as  a  function 
of  the  electronic  valence  states.  The  energy  gap  changing  is  also  recognizable  in  the  spectral  response  of  the 
photocurrent  or  photovoltage. 

The  response  is  obviously  displaced  towards  smaller  wavelengths  (larger  energy  values)  in  the  first  analyzed  case, 
while  in  the  second  one  we  measured  a  displacement  in  the  opposite  direction.  The  experimental  results  are  given 
in  fig.  3,  4.  They  show  a  clear  dependence  of  the  spectral  shift  (and  of  the  energy  gap  as  a  consequence)  on  the 
irradiation  doses. 

The  fitting  of  the  experimental  curve  is  easily  obtained  by  using  a  double  gaussian-like  curve: 


.w=E 


A, 


i=l 


Wiy/i^ 


exp 


V  1 


(1) 


The  effect  of  the  irradiation  process  on  the  characteristics  of  this  curve  are  given  by  the  following  values:  the  position 
of  the  first  peak  is  progresively  displaced  from  0,86  fim  (the  unirradiated  cell)  down  to  0.76  fxm  after  the  second 
irradiation  while  the  position  of  the  second  peak  is  displaced  from  1.020  (the  unirradiated  cell)  down  to  0.9423 
fim. 
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— ■ —  F-unirradiated 
— •—  G-after  the  first  irradiation 
1 ,0  n  —A—  H-after  the  second  irradiation 


0.4  0.6  0.8  1.0  1-2  1.4 

A{^m) 

Fig.3  Spectral  response  of  the  irradiated  and  unirradiated  samples 


One  may  easily  verify  that  the  displacement  in  the  sp)ectral  response,  which  depends  on  the  energy  gap  value,  is 
determined  by  the  irradiation  doses. 

A  meaningful  and  rigorous  form  of  14c  ('^)  is  however  given  if  one  uses  the  theoretical  model^  described  by  the 


following  expression: 


Voc  =  kTln 


'  4>o-i 

a2  +  aa  +  Jrb 


(2) 


ai  =  fi  (d,  a,  Lp,  Ln,Sp,Sn,  Dp,  D„,  W)  (3) 

with  i  =  14-3  and  the  absorption  spectra  a  (A)  are  known,  while  the  rest  of  standard  denoting  refers  to  the  diffusion 
lengths  of  the  negative  and  positive  charge  carriers  {Lp,Ln),  the  widths  of  the  spatial  charge  domains  (5p,5„) 
,recombination  rates  (£)p,£>„),  top  layer  width  (W^)  and  barrier  width  {d)7 

The  explicit  expressions  of  the  functions  may  be  written  as  follows: 


,.  \  02  ff  /I  ,  p  \ 

/32  /32  j 

LP2“"Pi  P2““Pi  Uop 

+  [(1  -  exp  (-^4))  exp  {-02)]tarrier 

+  [^^®pj2exp(  /%)exp(  Pi){l  +  B3-Bi) 

LPs  P5  j  base 

(4) 

eDpPno  r  ^3  cosh  -H  sinh 
^  Lp  [  /Sa  sinh  /3i  +  cosh 

(5) 

eDnUpo  [  137  cosh  /3s  -f  sinh  ^ 

“  Ln  L  0^  05  +  cosh  /35  J  Sase 

(6) 
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B-unirradiated 


— C-after  the  first  irradiation 
—A—  D-after  the  second  irradiation 


where: 


■Bi  =  7/32  +  1)  {Ih  sinh  /8i  +  cos  ^ 

(7) 

Q  __  Pz  cosh  Pi  +  sinh  Pi 

(8) 

^  Pz  sinh  Pi  +  cosh  pi 

Q  _  (/Jy^s/^e- l)exp(-/36) 
p!  sinh  Ps  +  cos  Ps' 
o  _  PspT  cosh  Ps  +  sinh  Ps 

Pe  Pr  sinh  /?s  +  cosh  P5 

(9) 

(10) 

Pi  =  dLj,;  p2  ^da-,P3=-  LpSpDj,;  P^  =  Wa 

(11) 

Ps  Pq  —  L(x\  P^  —  LjiSfiDfi 

showing  the  interplay  of  the  specific  combination  of  cell  characteristic  lengths  and  material  properties. 

The  results  of  the  theoretical  simulations  and  experimental  measurements  are  also  given  in  fig.  3,  4  (continuous  lines 
for  the  theoretical  curves),  while  the  specific  microscopical  parameters  are  determined  by  applying  the  Levenberg- 
Marqu^u•t  method  for  a  test  function: 


where:  fi  =  (l^c)i  ^re  the  measured  values  of  the  open  circuit  voltage,  /  (Ai;  are  the  computed  values  of 

the  same  voltage  for  the  set  of  wavelengths  {A^}  and  2;i, z^  are  the  microscopical  parameters  to  be  calculated. 

These  parameters  where  computed  by  minimizing  the  test  function  the  results  being  given  by  the  following  values: 

Ln  =  8.002,  Lp  =  7.924;  =  70/is 


=  0.216,  ALp  =  0.114;  A  ==  1.005,  A  (L^/Pp)  =  0.973 

clearly  proving  that  they  are  modified  at  irradiation  and  that  the  effect  on  the  spectral  response  is  useful  from  the 
point  of  view  of  the  displacement  towards  smaller  wavelength  values. 
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Fig.5  Absorption  spectra  for  unirradiated  (squares)  and  irradiated  (circles)  samples 

One  may  also  have  a  strong  control  on  their  changing  when  the  cells  are  subjected  to  high  energy  particles  beams, 

i.e.  in  realistic  functioning  conditions. 

Moreover,  the  dependence  a  (A),  (fig.5,  scaled  in  arbitrary  units),  may  be  calculated  from  the  same  response  spectra, 
both  before  and  after  the  irradiation  processes,  showing  the  corresponding  displacement  of  the  peaks  along  the 
wavelength  axis.  The  method  we  propose  in  this  paper  is  therefore  an  appropriate  and  effective  procedure  which 
may  be  used  in  the  design  optimization  of  the  solar  cells  by  taking  into  account  the  influence  of  high  energy  particle 
beams  on  the  cell  performances. 
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ABSTRACT 

This  paper  reports  on  minimising  measurement  errors  that  are  characteristic  of  small  distances  of  the  object  plane  through 
continuous  focusing  of  optical  svstems  tliat  concentrate  radiation  on  a  typical  opto-eletronic  detection  device.  One  such 
system  is  the  catoptric  objective  that  uses  a  focusing  system  based  on  the  movement  of  a  mobile  element  inside  the 
objective  (e  g.  the  secondary  mirror  of  a  Cassegrain  optical  system,  maintaining  a  fixed  position  of  the  detection  device  with 
respect  to  the  primaiy  mirror).  Our  results  show  that  decreasing  the  distance  between  the  mobile  and  fi.xed  element  leads  to 
an  increase  of  the  focal  distance  and  consequently  of  tlie  object  plane  distance.  The  measurement  precision  increases  with 
optical  amplification,  and  hence,  we  studied  the  way  optical  amplification  changes  with  a  continuous  focusing,  in  two 
different  situations:  the  detection  device  is  cahbrated  at  the  maximum  distance  and  the  detection  device  is  calibrated  at  the 
nunimum  distance.  Finally,  we  present  different  examples  of  variation  of  measurement  precision  for  discrete  values  of 
proprieties  of  some  objectives.  In  order  to  minimise  image-focusing  errors  for  the  extreme  distances,  aberrations 
optimisation  of  the  optical  system  for  an  intermediate  position  of  the  object  plane  was  factored  in. 

KejTvords:  Opto-electronic  detection  devices,  optics  systems,  optical  focusing. 


1.  INTRODUCTION 

Among  the  most  used  opto-electronic  devices  are  those  that  receive  or  have  an  immediate  control  in  image  processing  in 
order  to  display  and/or  process  it,  such  as  those  using  CCD  cameras  or  those  using  as  a  detection  element  linear  or 
rectangular  matrices  with  IR  detectors  (IR-CCD). 

Many  of  uses  of  these  devices  require  minute  distances  between  the  object  (that  is  measured)  and  the  opto-electronic  device 
which  collects,  concentrates  and  converts  radiation  emitted  by  the  object,  irrespective  of  the  spectral  range  of  these 
radiatioa 

Any  variation  in  the  distance  between  the  object  and  the  opto-electronic  device  will  change  the  electric  signal  strength 
emitted  by  the  detection  elements  and  ultimately  leads  to  an  alteration  in  image  quality’.  Corrections  are  either  througli 
feedback-based  (continuous,  manual  or  automated  optical  focusing  of  the  optical  system  on  the  detection  elements  plane)  or 
software-based  (controlled  assurance  of  the  electroiuc  correction  of  the  signal) 

The  following  is  a  theoretical  overview  of  several  manifestations  of  the  errors  following  this  variation  of  the  distance. 

We  chose  a  catoptric  optical  system  as  our  example,  because  it  is  very  simple  to  correct  for  the  distance  by  moving  one  of 
the  two  mirrors.  The  signal  degradation  was  globally  evaluated,  by  analysing  the  changes  in  the  optical  amplification  In 
order  to  make  things  simple,  a  single  detection  element  is  assumed 
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2.  PRIMARY  CONSIDERATIONS  REGARDING  OPTICAL  AMPLIFICATION 


Consider  the  Cassegrain  opto-electronical  configuration  shown  in  Fig.  1.  Optical  amplification  is  defined  as  a  ratio  of  the 
illumination  in  the  imagp  plane  to  that  on  the  object  plane.  Illumination  on  the  image  plane  depends  on  the  optical  md 
energetic  parameters  of  the  objective:  focal  length  diameter  of  the  entrance  aperture  (DobX  diameter  of  the  detection 
element  (Da),  transverse  magnification  (P)  and  the  transmission  factor  (tq)  on  the  spectral  range. 


A  = 

4  /i 


where  CO  =  — ^  is  the  solid  angle  covering  the  measured  area  on  the  object  plane  ,  = - 

f2  4 

Job 


and  B  =  — ^  .  For  a 
^  D 


catoptric  objective  in  a  Cassegrain  assembly: 


D  -D 


where  Dp  -  diameter  of  the  primary  mirror,  Ds  -  diameter  of  the  secondary  mirror. 


Let’s  consider  two  different  situation  of  the  feedback  based  correction  mechanism:  (a)  focusing  is  achieved  by  moving  a 
mobile  element  of  the  optical  system,  while  the  detection  element  is  stationary  and  (b)  focusing  is  achieved  by  moving  the 
detection  element. 


2.1  The  detection  element  is  stationary  -  focusing  by  moving  the  secondary  mirror. 


A  catoptric  objective  with  the  following  specifications  was  considered:  Dp  =  50mm,  Ds  =  22mm,  Is  =  11.79. ..6.741mm, 
fob  =  53.40. .,90.477  mm,  s’  =  q  =  80.18  mm.  For  two  given  distances:  L=122  mm  and  L=512  mm,  we  derived  the 
following  values  p= -1.186,  =53mm  and  respectively  p= -0.226, =90.4mm.  The  ratio  of  the  corresponding 


A  B  f  514 

amplifications  of  the  two  focal  lengths  is  — —  =  ( — — — —Y  =  9.5 ,  but  the  distance  ratio  is - =  4.2  only . 

^3  Ao  /90  122 
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Calculations  for  different  values  of  L  and  fob,  result  in  a  relation  A=A  (fob),  depicted  in  Fig.2.  One  can  notice  that  an 
increase  in  the  focal  length  results  in  an  increase  in  the  optical  amplification.  L  and  fob  have  an  inverse  relation,  and 
therefore,  overall,  the  optical  amplification  increases  as  L  decreases.  j 

A  A 


Fig.2  -  Aspect  of  A  (fob)  function  for  a  given 

2.2  Focusing  is  achieved  by  moving  the  detection  element 


fob 


In  this  situation,  the  following  relationship  is  used^: 

j.. 


(3) 


where  Lo  -  the  distance  where  focusing  is  performed.  Using  the  same  values  as  in  section  2.1,  we  can  derive: 

_  (514-90)^(4  -53f  122^  ^  ,  12(^0  ^  1 

43  (122-53)44-90)^514  ■  (4-90)^ 

In  order  to  minimise  measurement  errors,  when  continuous  focusing  is  performed  on  a  stationary  detection  element  for 
different  measuring  distances,  one  needs  to  minimise  the  diffusion  surface  area..  A  correction  must  be  applied  for  the  size  of 
the  diffusion  spot  for  an  intermediate  object  distance,  at  which  the  device  is  calibrated;  when  the  distance  is  either  very  large 
or  veiy  small,  the  size  of  the  spot  has  minimal  variations,  in  opposite  directions.  The  correction  for  the  diffusion  spot  is 
performed  by  changing  the  curvatures  of  the  mirrors  while  keeping  the  focal  length  of  the  objective  constant  (bending). 

The  size  of  the  spot  Tab.  1  illustrates  various  spot  sizes  when  the  objective  has  those  particular  specifications  shown  in 
Tab.3  (optimised  case).  See  also  Fig.3 ...Fig.5. 


Tab.l  -  Spot  sizes  for  an  optimized  objective 


Size  of  the  diffusion  spot  =  Dspot 

rp  =  -  50.779  mm  Dp  =  50mm 

rs  =  -  5 1.846  mm  Ds  =  22mm 

Is  =  1  1.79.. .6.741mm 

fob=  53 .40...  90.477  mm 

s' =  q=  80.18  nun  Dd=lmm 

L 

Is 

p 

fob 

Dspot 

122.72 

11.79 

-1.186 

53.40 

+0.5 

155.139 

10.21 

-0.878 

61.25 

0 

513.99 

6.741 

-0.226 

90.477 

-0.5 

Aspect  of  ls(L)  -function  for  a  given  5’  Aspect  of  ^(L)-  function  for  a  given  5’  Aspect  of  /s(p>  function  for  a  given  5’ 
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Conclusion:  Optical  amplification  is  larger  when  focusing  is  performed  by  moving  the  secondary  mirror,  rather  than  the 
situation  when  the  detection  element  is  stationary  and  the  optical  system  is  mobile. 


3.  EXAMPLES  OF  CALCULATIONS 


3.1  The  detection  element  is  stationary,  the  focusing  plane  varies  depending  on  the  distance  from  the  object  plane, 
and  calibration  is  performed  at  a  finite  distance. 

Using  relationship  (3)  with  the  following  objective  sp^ifications,  the  data  in  Tab.2  is  obtained  (see  Fig.6  and  Fig.7) 


Initial  objective  specifications 

rp  =  105  mm  Dp  =  49  mm 
rs  =  105  mm  Ds  =  22  mm 

Is  =  28  mm 
fob  =  98  mm 

Calibration 

Derformed  at  Ln=  70  mm  (see  Fig.6 ) 

L[mm] 

80 

90 

100 

110 

120 

130 

140 

150 

160 

170 

180 

190 

200 

AiyA7o 

1 

0.4 

0.1 

0 

0.1 

0.4 

1 

1.8 

2.8 

4 

WBM 

7.1 

9 

11.1 

Calibration 

perfontK 

'A  at  Lo=  200  mm  (see  Fig.7) 

Lfmm] 

70 

80 

90 

100 

110 

120 

130 

140 

150 

160 

170 

180 

190 

200 

Ai/Ajoo 

0,1 

0.016 

0.01 

0 

0.01 

0.016 

0.1 

0.16 

0.25  1 

0.36 

0.49  ! 

0.64 

0.81 

1 

A200/A70 

10 

25 

10 

oo 

10 

2.5 

10 

11.2 

11.2 

11.1 

11.1 

11.1 

11.1 

11.1 

Fi®.6  -  Modification  of  amplification  with  respect  to  L  distance,  divided  by  the  amphfication  for  the  cahbration  distance  Lo 


Fig.7  -  Ratio  of  the  amplifications  for  some  distances  L=70 . . . 200  when  the  calibration  distance  has  the  extreme  values 
L=70andL=200 
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3. 2  The  detection  element  is  stationary,  focusing  is  independent  of  the  distance  from  the  object  plane,  focusing  is 
continuous  and  calibration  is  performed  at  a  finite  distance 

In  this  situation,  relationships  (l)and  (2)  are  used  and  the  resulting  data  can  be  found  in  Tab.3. 


Tab.3  ~  Values  of  the  optical  amplification  and  the  others  optical  parameters  for  4  objectives  with  mobile  secondary  mirror 


Case  1:  Initial  objective  specifications 

rp  =  32mm  Dp  =15  mm  rs  =32mm 

Ds  =  6.7  mm  Is  =  8.5  mm  fob  =  30  mm 

Ls  [mm] 

5.1 

4.3 

3.7 

3.2 

2.5 

2.1 

2 

1.8 

1.7 

1.6 

1.5 

1.4 

1.35 

1.3 

fa,[mm] 

50 

60 

70 

80 

100 

120 

130 

140 

150 

160 

170 

180 

190 

200 

Af /Ago 

1 

0.7 

0.5 

0.4 

0.3 

0.2 

0.2 

0.1 

0.1 

0.1 

0.1 

Case  2:  Initial  objective  specifications 

rp  =  32mm  Dp  =  25  mm  rs  =  24.15  mm 

Ds=llmm  ls=9mm  fob  =  38mm 

Ls  [mm] 

7.8 

7.1 

6.7 

6.4 

5.8 

5.5 

5.4 

5.3 

5.2 

5.1 

5.1 

5 

4.9 

4.9 

f<A[mm] 

50 

60 

70 

80 

100 

120 

130 

140 

150 

160 

170 

180 

190 

200 

Aso/Af 

1 

1.4 

1.9 

2.6 

3.2 

5.7 

6.7 

7.8 

9 

10.2 

11.5 

13 

14.4 

16 

Case  3:  Initial  objective  specifications 

rp  =  105  mm  Dp  =  49  mm 

rs  =  105  mm  Ds  =  22  mm 

Is  =  28  mm 
fob  =  98  mm 

Ls  [mm] 

39 

34 

31 

28 

25 

23 

21 

20 

18 

17 

16 

15 

14.5 

14 

f„b[mm] 

70 

80 

90 

100 

110 

120 

130 

140 

150 

160 

170 

180 

190 

200 

Af /Ato 

1 

0.8 

0.6 

0.5 

0.4 

0.3 

0.3 

0.2 

0.2 

0.2 

0.2 

0.15 

0.13 

0.12 

Optimised  Case:  Initial  objective  specifications 
(see  Fig.8  and  Fig.9) 

rp  =  -  50.779  mm  Dp  =  50mm 

Ts  =  -  51.846  mm  Ds  =  22mm 

Is  =11.79...  6.741mm 
fob  =  53.40.. .90.477  mm 
s’ =  q  =  80.18  mm 

L  [mm] 

122.7 

130 

140 

150 

160 

170 

180 

190 

200 

300 

400 

500 

Fobfmm] 

53.40 

55.38 

57.88 

60.16 

62.24 

64.15 

65.92 

67.55 

69.06 

79.76 

85.97 

90.02 

Islmm] 

11.79 

11.35 

10.84 

10.41 

10.04 

9.73 

9.45 

9.21 

9.0 

7.72 

7.12 

6.78 

J _ 

1.186 

1.1 

1 

0.91 

0.845 

0.785 

0.732 

0.686 

0.646 

0.406 

0.296 

0.233 

Al  /Ai22 

1 

1.08 

1.19 

1.34 

1.44 

1.58 

1.72 

1.86 

2 

3.82 

6.18 

9.11 

Al/A200 

0.49 

0.53 

0.59 

0.66 

0.84 

0.78 

0.85 

0.92 

1 

1.89 

3.07 

4.52 

A200 

/A122 

2.01 

2.01 

2.01 

2.01 

2.01 

2.01 

2.01 

2.01 

2.01 

2.01 

2.01 

2.01 

Note:  Al  and  Af  are  the  optical  amplifications  for  current  values  of  the  object  distance  and  respectively  of  the  focal  length 


L 


Fig.  8  -  Evolution  of  the  magnification  P  with  the  change 
of  the  L- distance 


Fig  .9  -  Evolution  of  the  focal  length  with  the  change 
of  the  L-  distance 
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4.  CONCLUSIONS 


1)  The  main  error  sources  in  recording  of  the  radiation  by  an  opto-electronic  device  are; 

-  using  a  distances  between  the  device  and  the  measuring  area  that  are  different  than  the  calibration  distance: 

-  measuring  areas  that  are  smaller  than  the  field  of  view; 

2)  Image  quality  can  be  jseserved  either  by  continuous  focusing  (of  the  objective)  or  b>'  moving  tlie  entire  objective 
relative  to  the  detection  element; 

3)  Using  continuous  optical  focusing  results  in  a  decrease  in  optical  amplification  as  the  distance  between  the  two  mirrors 
decreases  (catoptric  objectives);  this  decrease  is  larger  for  smaller  focal  lengths,  which  suggests  using  larger  focal 
lengths; 

4)  Device  calibration  at  the  largest  possible  distance  is  an  advantage,  even  if  focusing  is  continuous. 
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ABSTRACT 

The  study  of  recombination  lifetimes  and  kinetics  is  an  essential  part  of  the  analysis  of  recombination  mechanisms  in 
semiconductors.  The  fundamental  differences  between  the  experimental  techniques,  which  are  used  for,  fiequency-resolved 
and  for  time-resolved  spectroscopy  are  present  in  this  p^r.  A  photoconductive  fr^^uency-resolved  spectrometer  (PCFRS) 
for  carrier  lifetime  determination  in  semiconductor  is  described.  The  PCFRS  uses  a  super-bright  light  emitting  diode,  which 
can  be  modulated  directly  and  the  sample  acts  as  a  detector.  An  embedded  system  with  68HC1 1  microcontroller  ensures  all 
basic  fimctions  of  this  spectrometer.  This  PCFRS  is  designed  for  a  narrow  lifetimes  range,  the  operation  range  is  between 
0.159  s  and  0.159  ms.  Typical  error  is  less  than  0.5%  for  the  range  of  lifetimes  reported. 

Keywords:  recombination,  lifetime,  spectrometer,  embedded  system,  microcontroller 

1.  INTRODUCTION 

The  recombination  kinetics  and  lifetimes  of  a  luminescence  process  often  provide  evidence  crucial  to  an  understanding  of  its 
recombination  mechanism.  Lifetime  or  decay  measurements  have  been  made  by  many  diverse  methods,  according  to  the 
equipment  available  and  time-scale  of  interest. 

The  semiconductor  materials  used  for  photoresistor  can  be  characterized  in  a  narrow  lifetime  range,  but  high  resolution  in 
frequency  domain  is  necessary.  This  is  because  multi-lifetime  or  non-exponential  dependence  is  present  in  these  materials. 
The  photoresistor  device  tested  normally  has  a  highly  non-linear  response,  with  lifetime  dependent  on  the  mean  level  of 
excitation.  The  non-exponential  dependence  in  the  low  frequency  domain  contains  information  about  bulk  properties^  of  the 
photoresistor  material. 

In  the  archetypal  time-resolved  spectroscopy  (TRS)  experiment^  a  8-function  light  pulse  excites  the  sample  and  the 
luminescence  is  detected  during  an  infinitely  narrow  boxcar  gate  set  at  some  time  td  after  the  pulse.  In  principle,  only  a 
single  excitation  pulse  is  used  and  the  decay  curve  is  obtained  from  an  ensemble  of  such  experiments,  each  with  a  different 
value  of  td. 

The  sinq)lest  form  of  fi:equency  resolved-spectroscopy  (FES)  is  the  quadrature  method  in  which  the  excitation  is 
continuous-wave  an  infinitely  small  sinusoidk  amplitude  modulation,  and  the  detection  is  carries  out  by  using  a  lock-in 
amplifier  set  in  quadrature.  Thus  in  FRS  the  excitation  and  detection  functions  are  orthogonal  8-ftmctions  in  fiiequency 
space;  in  TRS  they  are  ideally  5-functions  in  real  time.  This  is  the  fundamental  difference  between  the  techniques. 

In  FRS  method  if  the  frequ^cy  is  sweeping  the  lifetime  distribution  is  generated  directly.  This  is  a  considerable  advantage 
over  TRS  where,  for  non-trivial  systems,  the  lifetime  distribution  has  to  be  laboriously  reconstructed  finm  data  from  a  large 
number  of  transient  experiments  of  differing  pulse  lengths,  intensities  and  periods.  A  typically  photoconductive  frequency- 
resolved  spectrometer^  (PCFRS)  uses  a  light  emitting  diode,  which  can  be  modulated  directly  and  the  sanq>le  acts  as  a 
detector. 
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2.  THE  SPECTROMETER  THEORY 

In  distant-pairs  systems,  recombination  may  be  monomolecular  over  a  veiy  wide  range  of  excitation  intensity,  "^e 
probability  of  recombination  between  a  given  electron  and  some  single  hole  is  close  to  one;  the  probability  of  recombination 
with  any  other  hole  is  small.  First-oider  kinetics,  strictly,  should  refer  to  an  exponential  decay  with  lifetime  independent  of 
carrier  density.  In  a  distant-pair  system,  at  low  excitation  pulse  intensities,  the  kinetics  are  first-order.  This  is  because  the 
excitation  is  a  small  perturbation  of  the  metastable  excited  state;  the  carriers  injected  by  the  pulse  are  sparse  compared  with 
the  metastable  carriers  and  do  not  interact  with  each  other  during  their  decay. 

The  experimentol  system  consists  of  an  ensemble  of  centres  with  a  distribution  of  lifetime  P(t).  The  kinoes  is  then  first- 
order  and  tnnnfimnippiilar  although  the  form  of  the  decay  curve  is  left  unspecified.  If  the  excitation  is  modulated  at  an 

angular  fiequencty  at  it  may  be  written  as 

G(t)  =  Go+gsm(ajt),  g<Go  (1) 

where  Go  is  the  excitation  rate  and  g  is  ampUtude  of  the  modulation.  For  a  component  of  the  luminescence  with  a  lifetime  x, 
we  may  then  write 

/(t,  /)  =  J r  *  exp[-(I  -u)/r}  {G„  +  g  sm(m)du  =  Go+g(l  +  Q)^T^  )“*  [sin(fflr)  -  at  cos(fitf)].  (2) 

—00 

The  lock-in  output  is 

2jr/m 

5(r)  =  (2;r)'*o  jl(t)R(t)dt,  (3) 

0 

and  for  quadrature  the  lock-in  response  function  R(t)  is  given  by 

R(t)  =  -COs(oa),  W 

giving 

S(t)  =  g  /[(e^)'*  +  at],  (^) 

and  the  lock-in  outyut  from  all  lifetimes  components  as  the  fiequency  swep  is 

00 

S{a)  =  \P(r)S{t)dx.  (6) 

0 

The  response  of  the  in-phase  FRS  method,  it  is  merely  necessary  to  replace  R(t)  above  by 

R(t)  =  sin(firf),  O) 

giving 

S{t)  =  gl(\.+a^T^).  (8) 

The  in-phase  FRS  gives  the  integral  of  lifetime  distribution,  between  the  limits  x  ~  (o)"’  and  oo,  while  the  quadrature  FRS 
gives  the  lifetime  distribution  directly. 

The  foregoing  analysis  assumes  that  the  emision  comes  from  a  set  of  centres  whose  lifetime  distribution  is  independent  of 
excitation  power  (or  independent  by  the  pump  rate  G).  This  condition  is  not  satisfied  in  two  cases:  optical  saturation  of  long- 
lives  centres  and  distant-pair  recombination.  The  effect  of  optical  saturation  is  to  quench  the  contribution  to  the  FRS  signal, 
if  the  modulation  amplitude  g  is  finite,  higher  harmonics  will  be  generated. 
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Distant-pair  recombination  is  no  optical  saturation  of 
long-lives  centres  in  the  usual  sense.  The  density  of 
pairs  of  very  large  separation  does  not  depent  on  G. 
Pairs  of  these  large  separation  therefore  do  not 
contribute  to  the  FRS  signal. 

The  depth  of  modulation  g/Go  is  typically  10%  to 
50%  in  practical  FRS  experiments;  those  ensure  a 
signal-to^oise  ratio  superior  in  comparison  with 
TRS  technique.  Becatise  the  PCFRS  technique  uses 
the  sample  acts  detector  the  depth  of  modulation  can 
be  fixed  up  to  20  %  with  very  good  discrimination 
performance.  The  excitation  power  is  very  low 
because  only  a  super-bri^t  LED  also  commercially 
available  ensures  the  li^t  But  all  this  e7q)€rimental 
condition  in  ^proximation  of  this  theory  can  be  an 
advantage.  The  performance  of  the  sigmd  generator 
(responsible  for  light  modulation)  and  lock-in 
amplifier  is  very  important  in  PCFRS  technique. 

The  FRS  and  TRS  are  complementary  methods.  But 
only  for  sin^e  lifetime  systems  with  an  e?qx)nential 
decay,  and  lifetimes  less  than  a  microsecond.  Where 
signals  are  weak,  or  superimposed  on  a  DC  offset,  the 
superior  signal-to-noise  ratio  of  FRS  and  its  positive 
rejection  of  unmodulated  signals  are  strong 
advantages. 


Modulation  frequency  (1Cf  Hz) 


Fig.  1  The  quadrature  FRS  response  function  (D)  and  in-phase  FRS 
response  function  (C). 


In  Fig.  1  is  shown  the  typically  quadrature  (D)  and  in-phase  response  function  (C)  of  the  FRS  method.  The  data  plotted  in 
Fig.  1  contain  real  data  collect^  with  PCF]^  described  in  present  paper  using  at  sample  a  commercially  photoresistor. 
The  multi-lifetime  is  present  in  this  sample  and  non-exponential  response  is  observed. 

A  good  agreement  is  obtained  by  comparison^  with  a  quadrature  FRS  obtained  fi:om  a  RC  filter,  the  resonance  is  obtained 
for  oRC  =  7  or  cdt  =7.  Also,  a  very  close  ideated  experiment  with  RC  circuit  can  be  making  for  simulate  the  classical 
generation-recombination  experiment. 

Except  the  trivial  case  of  a  sin^e  lifetime,  data  reduction  is  carried  out  by  curve  fitting  or  by  deconvolution.  All  this 
conq)lex  data  processing  can  be  make  with  a  complex  data  acquisition  system,  the  parallel  data  processing  is  a  very  fast 
solution. 


2.  THE  SPECTROMETER 

Homewood,  Wade  and  Dunstan^  have  presented  the  measurement 
principles  of  a  PCFRS,  using  commercial  LEDs  as  the  source  of 
light.  In  this  case  the  modulation  (AC  component)  and  DC  level 
can  be  applied  directly  by  driving  the  LED  firom  a  signal 
generator.  The  semiconductor  sample  response 
(photoconductivity)  to  the  modulation  is  measured  using 
quadrature  lock-in  detectioa 

The  bock  diagram  of  PCFRS  is  shown  in  Fig,  2.  The  principal 
parts  of  this  spectrometer  are  host  systems  (an  IBM  PC),  the 
embedded  systems  with  68HC11  microcontroller  and  the  a^og 
signal  processing  part.  With  a  general  purpose  68HC11 
microcontroller^  the  signal  generator  and  data  acquisition  for 


Fig.  2  The  block  diagram  of  the  photoconductive 
frequency-resolved 
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digital  quadrature  lock-in  detection"^  are  implemented.  The  ADC  and  TIMER  subsystems  of  the  microcontroller  are  used  for 
these  functions  and  an  asynchronous  serial  communications  interfece  (SCI,  RS232)  is  available  for  data  transfer  between  the 
host  and  the  embedded  system. 

The  PCFRS  presented  in  Fig.  2  is  constructed  for  parallel  data  processing.  This  procedure  is  possible  because  the  PCFRS 
contain  two  processors.  The  Intel  Pentium  X  processor  used  in  IBM  PC  is  used  for  all  dates  processing  and  the  68HC1 1  is 
used  for  sweep  ftequency  signal  generated  and  data  acquisition  and  control  (digital  lock-in  amplifier). 

Phase-sensitive  detection  is  a  well-known  and  widely  used  technique.  Digital  lock-in  amplifiers,  first  proposed  by  Cova^ 
are  very  stable  because  of  the  digital  nature  of  design.  The  instrument,  in  feet,  measures  the  correlation  between  the  two 
signals.  In  a  digital  lock-in  amplifier,  both  the  signal  and  the  reference  are  digitized  at  a  rate  much  higher  than  the  reference 
fi^equency  and  then  transferred  to  the  computer.  The  host  computer  then  performs  the  Fourier  analysis’  to  measure  the 
amplitude  of  both  and  relative  phase  shift  between  them. 

The  principles  and  techniques  used,  can  be  apply  to  any  experiment  in  which  it  is  of  interest  to  determine  the  system 
response  to  the  periodic  excitation.  This  digital  lock-in  technique  is  inexpensive  and  can  be  used  for  other  experiments  with 
low  frequency  response. 


2A.  Hardware 

An  MC68HC1  lAlFN  in  “all-mode”  with  32K-byte  of  external  SRAM  (62256,  in  address  area  $8000-$FFFF)  is  used.  Very 
high  flexibility  is  obtained  with  this  design  which  can  be  reset  in  the  special  bootstrap  mode  or  normal  expanded  mode. 


For  PCFRS  applications 
additional  circuits  must  be 
constracted.  The  circuit 
diagram  diown  in  Fig.  3 
contains  a  low-pass  filter  (Ref- 
out,  Pulse  With  Modulation  - 
PWM)  to  obtain  the  sine  wave 
signal.  The  control  for  the  level 
of  the  AC  and  DC  components 
of  this  signal,  which  drive  the 
siqter-bright  LED  (660nm, 
2000-3500  med  at  20mA),  is 
also  presented.  Direct  coupling 
between  this  module  and  the 
Ref-in  input  ensure  an  absolute 
measure  for  the  excitation 
phase. 

The  DC  and  AC  component 
levels  of  the  signal,  which  drive 
the  LED,  are  controlled  through 
direct  measure  of  the  Ref-in 
level.  An  optical  fibre  is  used 
for  couplfeg  between  the 
chromium  mount  with  the  LED 
lens  and  the  sanq)le  box.  The 
illuminated  spot  on  the  sanq>le 
is  typically  1  mm  diameter. 

The  DC  conqx)nent  controls  for 
the  semiconductor  sample  and 
an  anq)lifier  are  used  for 


Fig.  3  The  circuit  diagram  ofthe  analog  signals  processing  part 
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measuring  the  sample  photoconductivity.  The  output  signal  of  the  amplifier  is  applied  at  the  Sig-in  input.  For  semiconductor 
samples,  the  level  of  the  DC  component  is  also  measured  through  the  DC-in  signal.  This  external  circuitry  is  sufficient  to 
inclement  all  functions  because  the  internal  peripherals  of  the  microcontroller  can  be  adapted  by  software  for  this 
application. 

2.2.  Software 

Very  inqwrtant  for  this  application  is  the  output-compare  function  (TIMER)  which  is  used  for  the  generated  PWM  signal 
with  duty  cycle  specified  in  a  buffer  memory  (maximal  8192  bites,  sine  wave).  Any  waveforms  can  be  obtained  with  this 
technique  (DDS-Direct  Digital  Synthesizer)^. 

The  acquisition  data  and  control  of  PCFRS  is  performed  by  the  embedded  system  (with  MC68HC11A1FN).  The  time 
critical  task  performed  by  the  embedded  system  generates  the  PWM  signal  (Ref-out),  reads  the  value  of  the  signal  response 
of  the  semiconductor  sample  (Sig-in),  reads  the  value  of  the  reference  signal  (Ref-in)  and  stores  these  data  in  two  internal 
memory  buffers. 


The  PWM  signal  (OCl  and  OC2  is  used  together  to  produce  one  PWM  output)  with  period  of  128  ps  and  resolution  of 
500ns  is  generated  with  a  duty  cycle  specified  (128/0.5  =  256  which  is  the  resolution  for  duty  cycle  of  0  to  100  percent)  in  a 
buffer  memory.  This  task  orily  produces  duty  cycles  of  50  to  100  percent  When  a  smaller  duty  cycle  is  specified,  it  is 
automatically  changed  to  100  percent  minus  flie  specified  duty  cycle,  and  the  polarity  of  the  output  is  switched.  To  perform 
all  these  functions,  only  128  ps  is  available;  the  real  performance  of  the  task  is  116  ps.  The  maximal  resolution  in  frequency 
in  this  configuration  is  less  than  1  Hz  and  can  be  customized  over  a  large  range.  An  auxiliary  square  wave  signal  is  available 
at  the  OC4/OC1  pin  for  testing,  or  eventually,  for  external  chopper  synchronization. 


The  maximum  measurement  points  are  8192  (N)  and  the  same  number  is  available  for  the  PWM  buffer  memory  (limited  by 
RAM  memory  of  the  embedded  system,  24  K-byte  all  buffers).  The  particular  situations  are  inqx)rtant  in  practice;  if  the 
resolution  in  fi:equency  must  be  equal  to  1  Hz  (0.999936  Hz),  7812  measurement  points  (ls/128  ps  =  7812.5)  are  necessary. 
In  this  situation,  the  PWM  signal  with  fiequency  equal  to  1  Hz  is  composed  of  7812  samples  (q  =  1).  For  a  PWM  sign^ 
with  frequency  equal  to  1  kHz  for  each  signal  period  ~8  samples  are  used  (q  =  1000);  in  other  wor^,  in  the  wrong  case 
fm  =  8fr.Jf  the  frequency  resolution  can  be 
10  Hz  (10.00%  Hz)  only,  782  points  of 
measurement  are  necessary.  In  this 


particular  case  the  measurement  is  very 
fast 

Typical  error  is  less  than  0.5  percent  for  the 
range  of  frequencies  reported.  This 
performance  is  possible  though  the  mode 
of  synchronization  between  the  signal 
generator  and  the  measurement  and  is 
limited  by  the  8-bit  resolution  of  the  ADC 
subsystem. 

The  host  system  performs  the  next 
sequence:  initialize  the  number  of  point 
measurements  (iV),  perform  and  transfer 
duty  cycles  for  the  sine  wave  to  the  PWM 
buffer  memory  of  the  embedded  system 
and  command  the  acquisition  task.  After 
loading  all  the  data,  these  are  performed  in 
accordance  with  Fourier  a^ysis^  and 
quadrature  lock-in  detection. 


Modulation  frequency  (10  *Hz) 


The  nonlinear  transfer  characteristics  of 
amplifiers  and  low-pass  filters  at  low  and 


Fig.  4  The  noise  signal  (E)  obtained  by  deconvolution  from  the 
quadrature  PCFI^  re^nse  (C) 


340 


high  ftequencies  is  also  corrected  Ihrou^  software  by  the  program  (written  in  C  language),  which  is  in^lemented  in  the 
host  system  at  the  end  of  the  measurement  of  all  frequencies.  The  program  also  has  tasks  of  measuring  the  level  of  AC  and 
DC  components  for  the  output  gigna(  which  drives  the  LED  and  the  DC  level  of  the  semiconductor  sample.  In  Fig.  4  (E)  is 
shown  the  noise  gignal  obtained  by  deconvolution®  form  quadrature  PCFRS  response  (C),  if  the  sample  is  a  commercially 
photoresistor.  All  this  complex  data  processing  demonstrates  the  power  and  flexibility  of  the  present  spectrometer. 

3.  CONCLUSIONS 

In  this  paper  we  present  the  fimdamental  differences  between  the  ej^rimental  techniques  which  are  used  for  Sequence- 
resolved  and  for  time-resolved  spectroscopy.  The  FRS  technique  applied  in  particular  case  of  PCFRS  is  capable  of  superior 
discrimination  and  can  give  better  signal-to-noise  ratios,  enables  unambiguous  interpretahon,  free  of  the  problems  that  arise 
by  the  build-up  of  a  metastable  background  populatioa 

An  ptnTwtHpH  system  with  68HC1 1  microcontroller  ensures  all  basic  functions  of  this  spectrometer.  The  performance  of  this 
PCFRS  is  the  operation  range  (between  0. 159  s  and  0.159  ms)  at  1  Hz  frequency  resolution  and  the  typical  error  is  less  than 
0.5%  for  the  range  of  lifetimes  reported. 
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ABSTRACT 

A  new  method  of  processing  Newton’s  rings  fringe  patterns  is  presented  After  the  center  of  the  circular  rings  is  found,  a 
special  Qpe  of  pixel  intensity  spectrum  is  calculated  in  which  the  two-dimensional  pattern  is  reduced  to  a  one-dimensional 
profile  showing  a  periodic  structure  of  fiinges.  By  further  {xocessing  the  parameters  of  the  initial  interferogtam  can  be 
easily  extracted  The  statistical  nature  of  the  method  (achieved  by  taking  into  account  all  pixel  intensities)  leads  to  a  higher 
accuracy  and  a  better  immunity  to  noise. 

Keywords:  fringe  processing,  Newton’s  rings,  interferometry,  feature  extraction,  sidierical  wavefl'ont,  curvature  radius 


1.  INTRODUCTION 

Newton’s  rings  fiinge  patterns  are  often  encountered  when  dealing  with  experiments  such  as  interfeieiK%  of  spherical 
wavefronts  or  j^on  movement  in  holographic  interferometry.  Processing  of  these  patterns  must  be  able  to  provide  useful 
information  about  the  curvature  radii  or  the  amount  of  movement.  Our  paper  presents  a  new  improved  pxrcessing  method 
for  calculating  the  parameters  that  determine  the  fiinge  pattern,  owing  its  efficiency  to  the  statistical  consideration  of  all 
pixel  intensities. 


2.  EVTERFEROGRAM  DESCRIPTION 

In  the  case  of  a  Fizeau-type  interferometer,  the  intensity  of  a  Newton’s  rings  fringe  pattern  one  obtains  is  given  by  the 
following  formula; 


l{x,y)  =  E^ 


Rf  +/?!  -  2R,R2  cos 

''4;r./  ■v') 

<  X  J 

1  +  R1R2  ~  2R1R2  COS 

(1) 


where  £  is  the  amplitude  of  the  incident  wave,  R\  and  £2  are  the  reflectivities  of  the  two  surfeces  (in  terms  of  amj^itude),  X 
is  the  wavelength,  and  h(^,y)  is  the  distance  between  the  two  surfaces  at  position  (x^y\  as  given  below  for  s[^ericai 
sur&ces: 


r 

fly 


(2) 
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with  n  and  rj  tiding  the  curvature  radii  of  the  two  surihces  and  rf  is  die  distance  from  the  current  poim  {x,  to  die  point  of 
minimiim  (or  maximum)  spacing  between  surfeces,  denoted  by  Ao-  The  parabcdic  aRsoximation  is  ^ipiicaUe  for  most 
practical  situations. 

Fringes  in  holograi*ic  interferometry  by  piston  movement  differ  from  those  described  d»ve  only  in  their  profile, 

which  is  sinusoidal: 


l{x,y)=lE^ 


l+COs[^-yA(x,>')j 


(3) 


In  either  case,  the  interferogram  will  contain  circular  concentric  rings,  whose  spacings  decrease  when  going  outward  from 
dieir  iv»mTnf>n  center.  A  simulated  interferogram  obtained  by  suj^osing  a  Fizeau-Qpe  setup  is  diown  in  figure  1. 


Figure  1.  Simulated  interferogram.  Noise  an5)litude  was  taken  25%  of  die  fringe  uniform  contrast 
At  the  bottom  there  is  a  region  with  no  visible  fringes  used  for  checking  die  ability  of  the  method  to  ignore  fiingeless  zones. 


3.  PROCESSING  METHOD 

If  the  curvature  radius  of  one  of  the  surfaces  is  known,  the  other  can  be  calculated  by  analyzing  the  fiinge  structure  in  the 
interferogram.  Processing  of  such  fringe  patterns  starts  with  finding  die  centa  of  the  circular  fringes.  This  can  be  achieved 
automadcaUy  by  applying  one  of  the  alreacfy  developed  algorithms.’”^  We  developed  our  own  routine,  whidi  allows  us  to 
find  die  ring  center  with  an  error  of  around  1  pixel.  This  paper  is  onfy  focused  on  the  subsequent  steps. 

Once  the  rvn*pr  of  the  rings  has  been  found,  their  successive  radii  must  be  measured.  Then,  irteqiective  to  the  fiinge  profile 
(sinusoidal  ex  not),  the  unknown  surfrice  curvature  can  be  calculated  u^g  the  frirmula 


_,2  _*A-2Ao 


(4) 
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where  k  indexes  the  consecutive  rings,  which  gives  the  squared  radii  of  the  bri^t  (or  dark)  rings. 

The  processing  method  we  propose  here  consists  in  building  a  spectrum  of  the  pbcel  intensities  as  a  function  of  the  distance 
to  the  rii%  coiter.  The  novelty  is  that  the  channels  of  this  spectrum  are  arranged  in  a  parabolic  manner,  that  is,  the  channels 
are  equidistant  in  ^  rather  than  in  d.  The  idea  was  suggested  Ity  equation  (4)  itself. 

The  squared  didance  from  each  pbml  to  the  ring  center  is  calculated  and  its  intensity  is  stored  in  the  corresponding  channel. 
After  die  whole  interferogram  was  t^n  into  account,  every  spectrum  charmel  contains  the  mean  intensity  of  all  pixels 
whose  scpiared  distance  to  the  ring  center  &lls  within  that  channel.  Such  a  q)ectrum  is  given  in  figure  2. 

The  most  inqxirtant  effect  of  this  non-linear  arrangement  is  that  the  fringe  profile  seen  in  die  spectrum  becomes  periodic, 
while  a  linear  qiectrum  would  show  widely  spaced  fiinges  at  lower  channels  and  narrow  ones  at  die  other  end.  Equispaced 
fringe  ]Xofiles  obviously  allow  simple  and  better  further  analysis.  Hence,  a  Fourier  transform  (see  figure  3)  can  be  applied 
to  the  spectrum  in  order  to  (tetermine  the  fiinge  spacing,  which  is  related  to  the  unknown  surface  curvature  through 
equation  (4); 


'2 


Fmr  instance,  if  the  reference  surface  is  flat,  r\  =  oo,  and  A<^  =  ^r2. 


(5) 


Channel 


Figure  2.  The  pixd  intensity  spectrum  versus  the  squared  distance  to  the  ring  center,  calculated  for  die  inteiferogram  in  figure  1 .  The 
maximum  channel  index  (1023)  cmresponds  to  the  largest  in  the  field.  Ihe  breaks  at  the  end  of  the  spectrum  (starting  around  f;h«tiiv.i 
940  here)  are  due  to  the  fact  diat  toward  the  comers  of  the  interferogram  die  channel  population  decreases  significantly  and  there  are  some 
diannels  in  triuch  there  is  no  pixel  to  be  taken  into  account  for  the  average  intensity  calculation.  In  these  channels  die  intcsisity  was  taken 

arbitrarily  zero. 
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Using  several  peaks  in  the  Fourier  transform  (when  the  fringe  profile  is  not  shmsoidal,  as  it  is  the  case  when  working  wth 
Fizeau  interferometers)  increases  the  accuracy  of  fiinge  spacing  computation.  Also,  each  of  these  peaks  can  be  fitted  with  a 
continuous  curve  (such  as  spline),  which  allows  a  better  estimation  of  the  peak  position  than  the  rough  integer  index  of  the 
maximum  value. 

A  better  ^poach  was  tested  and  gave  very  satisfactory  results:  After  the  fest  Fourier  transform  of  the  spectrum  is 
calculated  and  the  peak  corresponding  to  the  spectrum  periodicity  is  found,  another  Fourier  analysis  is  performed  at  a 
number  of  intermediate  frecpiencies,  between  the  left-hand  and  the  right-hand  neighbors  of  the  peak  fi^equency.  Then  the 
frequency  is  chosen  which  leads  to  the  maximum  Fourier  amplitude.  While  the  simple  choice  of  the  peak  in  the  fest  Fourier 
transform  array  allows  a  resolution  of  ^.5  fringe,  our  aj^oach  can  give  results  up  to  100  times  more  accurate. 


Figure  3.  The  Fourier  transform  of  the  spectrum  reveals  the  periodicity  of  the  fringe  profile, 
thus  allowing  the  calculation  of  the  unknown  surface  curvature  radius. 


Ano&er  advantage  provided  by  the  non-linear  choice  of  the  channel  arrangement  is  that  all  channels  are  roughly  equally 
populated  (about  the  same  number  of  pixels  are  taken  into  account  for  each  channel),  for  distances  less  than  the  closest 
margin  oS  the  interferogiam  to  the  ring  center.  This  happens  because  the  number  of  pixels  found  at  distances  falling  within  a 
given  range  grows  parabolically  when  going  outward,  which  is  compensated  by  the  parabolic  division  of  the  ^sectmm  into 
channels. 

TbQ  statistical  nature  of  the  spectrum  (due  to  the  averaging  of  pixel  intensities  within  each  channel)  is  yet  another  advantage 
as  the  process  produces  a  noise-suppressed  result.  Thus,  the  method  we  present  here  has  the  qualities  of  a  sfw  filter.^  The 
Fourier  analysis  of  the  spectrum  continues  this  feature  of  equal  participation  of  all  pixels. 

The  spectrum  also  contains  information  about  the  reflectivities  of  the  two  surfoces,  hidden  in  the  fringe  profile.  If  one 
surface  has  a  known  reflectivity,  further  processing  one  can  establish  the  unknown  reflectivity. 
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4,  TESTS 


Tests  were  performed  on  real  and  simulated  interferograms.  Simulations  Tvexe  vexy  useibl  as  a  testing  tool  because 
allowed  a  wide  range  of  situations,  bardly  attainable  e?cperimenta]ly,  as  well  as  a  dir^  verification  of  tbe  results. 

In  ideal  cases,  with  noise-free  uniformly  illuminated  images,  the  surfece  curvature  was  retrieved  with  an  accuracy  much 
below  1%.  In  situations  closer  to  real  world  interferograms  (comprising  a  25%  noise,  variable  illumination  and  lar;^  areas 
with  invisible  fringes)  an  accuracy  of  around  1%  was  obtained.  For  exan^le,  the  curvature  radius  of  the  simulated  test 
sur&ce  that  i^-oduced  the  interferogram  in  figure  1  was  found  with  an  error  of  0.8%. 

Unwanted  moir6  effects  appeared  when  simulating  small  curvature  radius  surfaces  and  affected  the  overall  accuracy.  These 
effects  are  greatly  reduced  if  the  simulation  performs  an  integration  of  the  calculated  intensify  at  the  pixel  level  (rather  than 
just  calculating  the  intensity  in  tte  point  at  the  center  of  the  pixel),  mudh  as  a  real  CCD  camera  would  do,  winch  does 
prolong  the  computing  time,  but  is  workable  even  on  slow  machines.  Another  idea  is  to  calculate  the  intensity  still  in  one 
pmnt  for  each  pixel,  but  locating  this  point  randomly  in  the  square  area  come;gx)nding  to  the  pixel.  This  ^^jroach 
dramatically  reduces  the  moir6  effect,  but  when  fringes  become  very  narrow  (comparable  to  the  i^el  size)  an  intense  noise 
appears  instead  of  the  usual  uniform  gray  level  that  is  seen  in  actual  interferograms . 

Tests  on  an  experimental  spherical  mirror  showed  a  sufficiently  good  accuracy  as  to  match  the  focal  length  measurement 
obtained  by  means  of  geometrical  optics,  despite  the  fact  that  the  digital  camera  we  used  (Soil’s  Mavica  FD7)  had  an 
unexpected  aspect  ratio  of  about  104:100.  Elliptical  instead  of  circular  fringes  appeared  and  not  only  the  precision  of  the 
ring  center  retrieval  was  altered,  but  also  the  fringe  lacing  assessment. 

The  accuracy  of  this  method  depends  on  the  following  parameters: 

♦  tbe  efficiency  ofretrieving  the  ring  center; 

♦  the  drculaiity  of  the  fringes,  which  can  be  affected  both  by  a  non-spherical  shape  of  the  surfaces  and  by  an  aspect  ratio  of 

the  camera  different  from  1:1; 

♦  the  number  of  channels  in  the  spectrum,  if  it  is  so  small  as  to  become  comparable  with  the  number  of  rings; 

♦  the  amount  of  noise  present  in  ^e  interferogram; 

♦  file  knowledge  of  the  wavelength,  the  pixel  size  and  other  geometrical  or  optical  parameters  that  intervene  in  the 

formation. 

Most  of  the  parameters  above  can  be  improved.  For  instance,  the  aspect  ratio  of  the  camera  can  be  changed  to  become  1:1 
by  a  preliminaiy  stretching  of  the  interferogram  on  one  dimension,  which  also  greatly  helps  the  ring  center  finding  routines. 
An  actual  stretching  needs  not  to  be  performed  if  the  algorithm  is  im{demented  with  the  possibility  of  specifying  non  square 
pixels. 

A  few  details  are  worth  being  mentioned  about  the  influence  of  ring  center  accuracy  on  the  overall  oror  of  the  nreihod. 
Simulations  allowed  the  assessment  of  this  influence  hy  making  possible  the  spectrum  computation  in  two  cases:  with  tire 
exact  position  of  the  ring  center,  and  with  the  position  as  found  by  our  centering  routine  (or  an  intentimially  dis{daced 
position).  If  tile  exact  center  position  is  input  to  the  fiinge  profiling  procedure  then  curvature  radius  evaluation  ^rors  were 
generally  found  to  be  less  iban  0.2%  (in  situations  close  to  actual  interferograms).  If  the  centering  routine  is  aWe  to  find  the 
ring  center  with  an  mot  of  about  2  pixels  then  the  curvature  radius  error  increases  to  as  modi  as  1 .5%  in  some  cases. 

Generally,  the  curvature  radius  estimation  error  is  around  0.5%^  and  is  not  much  influenced  by  the  nmse  level.  As 
expectaUe,  this  error  decreases  for  larger  interferograms.  For  a  given  dimension  of  the  interferogram  (in  pixels)  there  seems 
to  be  an  optimum  range  for  the  number  of  fringes  in  the  interferograms  that  leads  to  small  errors.  For  example,  if  the 
interferograms  are  recorded  in  160xl60-pixel  matrices,  the  number  of  fiinges  must  be  bdween  approximately  7  and  50  for 
the  final  error  to  be  less  than  1%.  This  range  corre^nds  to  a  curvature  radius  range  of  almost  one  order  of  magnitude,  in 
our  simulations  from  0.35  m  to  2.2  m;  this  range  can  be  drifted  using  zoom  optics.  If  larger  images  are  used,  then  flie  iqsper 
limit  can  be  pushed  higher  because  it  is  only  imposed  by  the  insufficient  samiding  of  the  fringes.  On  the  other  hand  the 
lower  limit  is  fixed  due  to  the  feet  that  with  decreasing  fiinge  numbers  the  Fourier  transform  becomes  unable  to  cKscem 
tiiese  numbers  exactly,  by  detecting  the  peak  positioa 
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5.  CONCLUSION 


A  new  type  of  intensity  spectrum  was  introduced  to  better  manipulate  the  interference  data  contained  in  a  Newton’s  rings 
fringe  pattern.  Tests  sihowed  a  good  accuracy  of  the  final  result  (sur&ce  curvature)  even  in  difficult  conditions.  The 
nature  of  the  method  proves  once  again  its  superiority  over  the  topological  techniques,  which  are  easily  disturbed 
by  defects  and  noise  present  in  the  image. 
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ABSTRACT 

This  paper  present  an  electropneumatical  system  computer  assisted  for  compensate  the  sag  of  an  optoelectronical  detector. 
This  system  is  used  for  compensate  the  sag  of  a  frame  of  an  optoelectronical  detector  during  the  fabrication.  For  push-up 
group  we  use  pneumatically  servocylinders  which  allowed  a  very  precise  control  of  the  sag  through  force.  Each  servo 
cylinder  includes  a  proportional  pressure  regulator  for  regulating  the  pressure  proportional  to  a  specified  electrical  nominal 
value.  The  system  is  controlling  by  a  PC  with  2  acquisition  board,  one  of  them  for  monitoring  the  force  of  the  transducer 
(regulated  quantity)  and  the  other  board  for  controlling  the  pressure  of  the  gas  (command  quantity)  in  servo  cylinders.  The 
software  subsystem  for  developing  the  tuning  numerical  algorithm  contents  WIN  98  operating  system,  TestPoint  rapid 
application  development  platform  for  data  acquisition  and  graphic  user  software  and  Delphi  rapid  application  developing 
platform  for  real  time  control  algorithm  module. 

Keywords:  electropneumatical  systems,  servocylinders,  data  acquisition  systems 

1.  INTRODUCTION 

The  experiences  clung  by  the  development  of  the  optoelectronical  detectors  which  control  the  interaction  proton-proton 
make  necessary  to  used  some  devices  by  high  technology  like  the  computer  aided  electropneumatical  system  which  assure 
compensation  of  deflection  of  the  optoelectronical  detector  spacer  because  of  the  weight  force  during  the  fabrication. 

This  is  realized  by  introduction  in  detector  spacer  two  long  tubes  at  the  each  end  and  two  tubes  on  its  middle,  which  are 
supported  on  each  end  by  a  servopneumatic  system.  The  pressure  inside  the  servopneumatic  cylinders  determines  the 
forces,  which  trough  the  bars  are  transmitted  to  Ae  detector  spacer. 

During  the  fabrication  six  precision  blocks  sustain  the  optoelectronic  detector;  the  deformation,  due  gravitational  force,  is 
compensated  with  pneumatically  system  by  applied  force  in  some  calculated  points  of  SAG^ 

2.  PNEUMATIC  SYSTEM 

The  pneumatic  system  showing  in  Fig  1,  is  composed  by: 

-  two  compressed  air  prepare  units  (filter-regulator) 

-  eight  pneumatic  servocylinders 

-  interconnection  elements 
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Fig,  1  Sag  compensation.  Pneumatically  diagram 


2.1.  Compressed  air  prepare  unit 


The  compressed  air  prepare  unit  (filter-regulator),  has  the  role  to  filtrate  the  compressed  air  to  input  on  the  ^stem  and  to 
according  the  ^stem  pressure  to  the  desired  value  irrespective  of  pressure  fluctuations  in  the  supply.  The  filter  and  regulator 
are  combined  into  a  single  unit,  which  has  a  manometer,  releasing  water  and  automatic  purge,  llie  regulated  pressure  range 
is  0...  12  bar  with  a  nominal  flow  by  3400 1/min  and  filter  rating  40pm.  On  the  input  system  must  be  assured  a  flow  by  3000 
l/min  at  a  minimal  pressure  by  6,5  bar. 

2.2.  Pnaimatic  servocylinder 

The  eight  pneumatic  cylinders  have  the  role  to  compensate  the  optoelectronical  detector  spacer  deformation  by  force 
developed  in  the  cylinder  rod. 

They  can  assure  movements  with  various  speeds  obtained  with  throttle  valve,  which  is  situate  behind  pneumatic  cylinder 
and  the  necessary  forces  through  proportion^  pressure  regulator. 


Each  pneumatic  servocylinder  S VP,  as  is  showing  in  Fig.  2  is  composed  by: 

a)  one  proportional  pressure  regulator 

b)  one  throtde  valve 

c)  one  pieumatical  cylinder  secured  against  rotations; 
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d)  one  force  transducer 

e)  one  mechanical  system  for  siq)port  and  guide 


The  diagram  of  the  pieumatic  servocylinder  is  showing  in  Fig.  3 

a)  The  proportional  pressure  regulator  controls  the  output  {wessure  at  the  working  air  connectioa  The  electronic  control 
compares  the  pressure  value  with  the  nominal  value.  If  the  nominal  and  actual  values  differ,  the  regulating  valve  will  be 

until  the  output  pessure  is  the  same  as  the  nominal  value.  The  features  of  this  proportional  pessure  regulator 

are: 

maximiiTn  work  pressure  —  12  bar, 
pressure  range  0...  10  bar, 

-  medium  -compressed  air ,  filteted(40pm),  lubricated  or  unlubricated; 

power  consumpion  -  max.  3,6  W 

b)  The  throttle  valve  is  used  to  regulate  airflow  necessary  to  control  piston  speed  of  cylinder.  Airflow  is  apxoximately 
equal  in  both  directions  and  can  finely  adjusted  between  0...350 1/min  at  pessure  between  0...  10  bar. 

c)  The  pieumatically  cylinder  is  non-rotating  with  yoke  plate  and  guide  rods  ^pe.  It  is  assembled  in  vertical  ^ition  to 
assure  the  vertical  movement  of  system  at  requir^  forces  and  speeds.  The  most  inportant  parameters  of  this  cyluKter 
are: 

pston  rod  diameter  -  32  mm; 
maximum  strPce  -  100  mm 
maximum  work  pressure  - 10  bar; 


d)  The  force  trangHiirff  is  situated  at  pieumatic  <grlin<ter  rod  end  and  gets  information  about  push  force  of  qitoelectronical 
detector  spacer  and  sends  this  information  to  the  data  acquisition  and  control  system. 
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e)  The  mechanical  system  for  support  and  guide  is  used  to  sustain  the  optoelectronical  detector  spacer  and  assures 
an  action  on  the  same  axis  of  gravitational  force  with  servocylinder  force  on  the  transducer  axis. 

3.  DATA  ACQUISITION  AND  CONTROL  SYSTEM 

The  data  acquisition  and  control  ^stem,  showing  in  Fig  4,  is  developed  based  on  the  personal  computer  with  Pentium  II  - 
400  MHz,  processor  and  64  MB  RAM  which  include  two  data  acquisition  boards  such  as  an  analog  inputs  board  -  DAS 
1802  ST  and  an  analog  outputs  board  ~  DDA  08.  The  pressure  form  inside  of  pneumatic  servocylinders  is  monitoring  by  a 
pressure  transducer  built-in  pressure  proportional  regulator  and  the  regulated  force  is  monitoring  a  force  transducer.  To 
supply  the  pressure  proportional  regulator  and  load  cell  the  system  use  a  power  supply  24Vcc/40W.  The  software  support 
used  to  developed  this  a^lication  is  Windows  ’98  operating  ^stem,  rapid  application  development  software  Delphi  3, 
advanced  software  operating  ASO  Win  ’95  /  32  bit  -software  support  to  handling  acquisition  boards.  These  elements  are 
use  to  develop  the  software  which  control  the  ^stem  also  to  develop  the  communication  software  between  pneumatic  sub¬ 
system  and  process  monitoring  system  (high  level  system). 


Fig.4  Acquisition  and  control  system  diagram 

The  load  cell  from  the  rod  of  servopneumatical  cylinder  allows  reading  of  the  rod  load  in  0...  100  Kg  range  with  0.02  % 
error  and  converting  this  regulated  quantity  to  4-20  mA  two  wire  signal^. 

The  analog  inpits  board  DAS  1802ST  monitoring  the  load  cells  and  the  pressure  transducers  on  the  servopneumatical 
cylinder  (ei^  channels  for  the  load  and  eight  channels  for  the  pressure)  with  an  individual  gain  for  each  chatmel, 
333,3  KSample/s  data  trou^  rate  and  12-bit  resolution.  For  high-speed  process  data  this  board  allow  DMA  transfer^. 

The  analog  ouqnit  board  DDA  08  drives  all  eight  nominal  values  of  proportional  pressure  regulators  in  4-  20mA  range  with 
12-bit  resolution^. 

The  poportional  pessure  regulators  and  the  load  cells  are  siqjplies  by  a  24  Vcc/40W  stabilized  power  supply.  Also  this 
system  includes  two  coimection  boxes  and  wires  required  binding  all  d^ces  of  pneumatically  system. 
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The  purpose  of  pneumatically  system  is  to  control  the  load  of  the  each  pneumatic^y  servocylinders  in  0...400  N  range  with 
0.5  N  precision  respecting  load  program  of  each  servocylinders.  The  data  acquisition  and  control  system  is  required  for 
monitoring  and  control  the  pneumatically  system^. 

The  jmeumatically  servocylinder  consist  of  a  pneumatically  cylinder  drives  by  a  proportional  pressure  regulator  which 
allows  an  easy  control  of  the  rod  loatf . 

The  precisely  control  of  the  rod  load  is  obtained  with  load  cell  data  through  software  control  of  the  iwessure  nominal  value 
from  proportional  pessure  regulator. 


4.  APPLICATION  SOFTWARE 

The  application  software  is  purpose  to  obtain  a  precisely  driving  of  rod  load  and  monitoring  and  transmission  of  system 
status  to  iqvlevel  system  (process  monitoring  system). 


Fig.  5  Application  panel 

The  panrf  which  is  the  pnemnatically  system  user  inter&ce  is  showing  in  Fig.  5.  A|q;)lication  panel  offers 

evolution  of  interest  quantities  on  the  ^stem  respatively  load  and  |»essure  on  the  cylindw  rod.  Also  the  pmel  offers  data 
about  regulation  {vocess  like  pressure  nominal  v^e,  load  error  value.  Other  ftmction  of  this  software  is  readmg  and  writmg 
files  which  load  nominal  values  (on  the  many  instances  of  the  mounting).  Starte  and  stqps  regulation  proass  b 

regime  of  the  nominal  load  value  respectively  slow  ramp  of  this;  this  regime  is  triggered  on  the  “Start”  and  “Stop” 
buttons.  Also  this  software  offer  the  server  application  for  the  iq)-level  system  which  monitoring  mounting  process. 
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Software  support  for  run-time  is  WINDOWS98  operating  system,  acquisition  boards  drivers  (DLL  libraries)  and  virtual 
memory  driver  for  shared  the  memory  between  application  and  acquisition  boards  drivers.  For  application  de\^elopnient  is 
also  necessaries  acquisition  boards  configuration  software  and  32-bit  rapid  application  development  software  Delphi  3. 

5.  CONCLUSIONS 

-  The  electropneumatical  system  for  compensate  the  sag  of  an  oploelectronical  detector  was  designed  with  modem  devices, 
able  to  allow  all  features  required. 

-  The  electropneumatical  system  was  designed  like  a  mechatronical  sj^stem  when  the  electronically  and  pneumatically 
devices  are  functionally  combined,  directly  and  locally  guided  by  the  information  system. 

-  Tlie  system  developed  by  the  Institute  of  Optoelectronics  and  Hydraulics  and  Pneumatics  Research  Institute  assure 
independent  control  of  the  load  on  each  cylinder. 

-  The  system  was  designed,  as  an  open  system  to  allow  futures  developments  if  is  necessar>^  to  update  die  regulation 
strategy. 

-  The  system  is  flexible,  easy  maintenance  and  robust  control. 
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ABSTRACT 

Product  Hffdgning  is  one  of  the  phases  of  the  janject  management.  The  Quality  System’s  elements,  referable  to  desig^  are 
inctndpd  in  the  jKoject  management  The  p-oduct  definition  in  accordance  with  the  stated  and  implied  requirements,  is  the 
most  inqwrtant  phase  for  the  p-oduct’s  quality.  Obviously,  the  sooner  the  best  solution  is  selected  and  the  defidencies 
detected,  the  better  the  product  quality  will  be,  and  at  better  price.  From  here,  it  results  die  importance  of  the  design  and 
Quality  System  planning  Design  is  a  creative  tadc  witch  stars  with  stated  needs  and  existing  Knowledge,  and  ends  with 
4»finifir.n  of  a  pTodud  that  satisfy  those  needs  and  is  industrially  feasible.  The  p'oducts  must  be  designed  for  the  client’s, 
not  the  company’s  benefit.  The  products  that  don’t  have  the  right  set  of  features  won’t  be  as  well  sdedjle  Aose  products 
that  have  the  right  set  of  features.  The  best  design  may  fail  if  it’s  not  correctly  planned.  Quality  planning  provide  a  structure 
that  helps  a  successful  pojed.  The  empiasis  is  mode  on  learning  the  concepts  and  abilities,  on  tools  and  techniques 
required  to  build  Quality. 

"ft  is  not  because  Mngs  are  tBfficuU  that  we  do  not  dare,  it  is  because  we  do  not  dare  that  th^  are  difficult "  (Seneca) 
Keywords:  Quality  assurance,  quality  control,  designing,  world-class  {voducts 

1.  INTRODUCTION 

The  opoelectronic  tystems  with  image  intensifiers  have  nowadays  applications  in  different  areas:  military,  industnal  or 
sdendfic.  They  allow  an  important  increase  of  acquisition  capadty  of  information  firom  different  objects,  in  low  level  at 
light  and  low  signal  conditions.  A  large  spectrum  at  wavelengths,  firom  X-rays  to  near  infinred,  can  be  converted  in  visible. 

The  opoelectronic  tystems,  with  image  intensifier  have  nowadays  an  appreciable  extension  in  many  applications.  Thty  are 
not  hmitpri  any  at  the  night  vision  and  they  have  many  industrial  and  scientific  apihcations.  For  this  last,  Ae  opoelectronic 
systems  with  imagp:  intensifiers  are  complied  with  CCD  almost  in  every  case.  By  a  good  choice  of  input  win^w  and  of  type 
of  photocathod,  the  spectrum  of  frequencies  can  be  also  selected  for  every  applicatioa  The  choice  of  ecran’s  type  for  these 
systems  is  inqx>rtant  concerning  the  rapidity  of  system’s  work. 

The  variety  and  complexity  of  extant  systems  require  a  realistic  selection  of  components  and  a  well  controlled  bas^  a 
mathftmatirg  design,  depnding  a  concrete  pqilication.  Generally  speaking,  an  opoelectronic  system  with  image  intensifier 
can  be  considered  like  a  “black  box”,  witii  itpit  and  output  terminals  represented  by  objective  and  ocular,  whidi  couples 
the  mftgeagft  received  firom  target  disposed  in  olgect  field  with  the  operator’s  visual  receive,  in  order  to  analyze  and  make  a 
decision.  The  ray  modulated  by  the  object  arrives  at  input  terminal  of  system  and,  after  it  is  transformed  by  opoelectronic 
process,  an  output  imngp  is  formed.  The  oprator  who  analyses  it  and  tnakes  a  decision  viem  this  image.  This  assembly  is 
presented  in  Fig.  l\ 
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The  design  is  “a  creative  activity  which,  starting  from  expressed  needs  and  from  extant  knowledge,  finally  defines  a  p-oduct 
which  satisfies  these  needs  and  it  is  possible  to  manufacture”. 


Products  should  be  designed  to  benefit  the  customer.  Products  should  not  be  designed  for  the  benefit  of  the  company. 
Products  that  do  not  possess  the  right  mix  of  features  and  are  free  from  defects  will  not  be  as  saleable  as  those  products  that 
do.  Comp^es  who  do  not  follow  these  and  other  quality  tenets  often  suffer  from  the  loss  of  revenue  and  the  cost  of  poor 
quahty.  Since  one  of  the  success  factors  for  our  products  is  its  abihty  to  address  customer  needs,  we  should  look  at  their 
influence.  A  customer  is  anyone  affected  by  our  work.  Customers  ultimately  define  quality  for  our  products  for  us.  Knowing 
our  customers  is  critical  to  the  quality  planning  process.  Identifying  our  customers  and  discovering  their  needs  will  allow 
you  to  design  the  right  mix  of  i^oduct  features,  which  will  meet  those  needs.  One  of  the  major  obstacles  you  will  be  able  to 
avoid  is  the  costly  delay  that  results  from  continually  redesigning  products  because  they  do  not  possess  features  customers 
prefer  or  to  overcome  defects  missed  during  planning"^. 

The  best  project  can  foil  when  it  was  not  planned  properly.  Quality  planning  will  provide  a  structure  to  help  successfully 
complete  any  project.  The  emjAasis  is  placed  on  learning  the  concepts,  skills,  tools,  and  techniques  needed  to  build  quality 
into  your  prochict. 

The  term  quality  has  evolved  to  mean  different  things  for  different  people  at  different  fines.  A  short  definition  of  quality  is 
“Quality  means  meeting  or  excelling  customer  expectations”.  This  short  definition  incorporates  2  dimensions: 

>  Pardcular  characteristics  of  the  product  In  the  customers^  eyes,  higher  quality  means  providing  more  of  the  feature  or 
characteristics  customers  prefer. 

>  Freedom  from  deficiencies  This  is  when  the  p-oduct,  a  particular  product  feature,  as  collection  of  features  functions 
properly  as  it  was  design  Ned  In  the  customers’  eyes,  Ae  fewer  the  defects,  the  higher  the  quality. 

Successful  quality  planning  projects  address  both  dimensions  identifying  the  correct  features  and  providing  them  without 
(teficiency.  Having  the  right  mix  of  customer  features  that  are  free  from  deficiencies  increases  customer  satisfaction  and 
decreases  their  dissatisfaction.  This  not  only  elevates  the  saleability  of  the  product,  but  it  also  reduces  the  likelihood  that 
customers  will  defect  to  purchase  a  competing  product. 

Organizations  succeed  only  if  the  customers  are  willing  to  use  and  pay  for  the  goods  and  services  provided  We  attract 
customers  by  offering  products  that  match  their  needs.  We  retain  those  customers  by  continuing  to  provide  products  that  are 
free  of  deficiencies.  Research  has  shown  that  there  are  specific  practices,  which  help  top  companies  thrive.  These 
management  practices  are  what  is  collectively  known  as  Total  Quality  Management.  TQM  succeeds  because  it  leads  to 
Delighted  customers.  Providing  product  features  that  meet  customer  needs  attracts  customers  and  promotes  customer 
satisfactioa  Continuing  to  provide  products  that  are  free  of  defects  and  deficiencies  retains  customers  by  reducing  customer 
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dissatisfaction.  When  deficiencies  exist,  adding  more  product  features  will  not  overcome  customer  dissatisfaction  unless  the 
deficiencies  are  also  removed^  ^ 


2.  THE  JURAN  TIOLOGY 

Managing  for  quality  requires  that  an  organization  plan  for  the  quality  of  its  jxoducts,  improve  them  at  a  revolutionary  rate, 
and  (xrntrol  its  p'ocesses  to  maintain  quality.  These  there  interrelate  managerial  process  are  known  collectively  as  The 
JuranTrilogy^’*. 

1.  Quality  planning  designs  new  goods  and  servires  that  meet  customer  needs.  It  ensures  that  the  ri^t  set  of  good  or 
service  features  is  delivered  and  that  deficiencies  are  kept  to  a  minimum.  Qiality  planning  may  also  be  used  to  redesign 
pvigring  goods  and  services  or  plan  new  processes  such  as  product  development.  A  process  is  an  “ensemble  of 
inHppnAmf  lesouTces  and  activities  which  transforms  the  input  data  into  ouQmt  data”.  In  an  or^mization,  we  car 
consider  that  HifferiRnr  technical  and  administiative  activities  make  iq)  an  ensemble  of  processes  and  that  these  are  a 
concatenation  of  activities  achieved  with  human  and  material  means,  information  and  methods  or  pocedures.  Each 
process  is  characterized  by  measurable  entrance  data,  an  added  value,  measurable  exit  data,  where  corrections, 
corrective  actions  or  peventive  measures,  are  possible,  and  thereby,  an  impovement  become,  possible  (Fig.  2) . 

2.  Quality  improvement  deficiencies  in  existing  goods,  service,  or  pocesses.  Reaching  a  new  level  of  prformance  is 
fiequently  referred  to  as  a  laeakthrou^ 

3.  Quality  control  ensures  that  the  results  oft  he  first  two  processes  are  sustained  over  time*  . 

llie  Juran  Trilogy  illustrates  the  three  managerial  pocesses  of  quality  and  how  they  fit  together.  The  decision  to  design 
these  poducts  is  based,  primarily,  on  such  factors  as  changes  in  the  technology  or  the  market,  benchmarking,  and/  or 
strategic  business  plans. 


3.  DESIGNING  WORLD  CLASS  PRODUCT 

In  order  to  control  a  design  activity,  there  are  ten  elementary  stq>s  in  the  design  pocess: 

1.  Establish  what  the  customer’s  need  and  expectations  are; 

2.  Convert  the  customer’s  need  into  technical  specifications; 

3.  Prepare  a  feasibility  stu(fy,  in  order  to  establish  if  the  requirements  can  be  achieved; 

4.  Plan  the  necessary  activities,  in  order  to  achieve  the  spewed  requirements; 

5.  Provide  and  organize  adequate  resources; 

6.  Prepare  a  sturty  for  the  project  definition  in  which  the  optirmun  solution  is  selected  firom  several  variants; 

7.  Develop  a  specification  in  all  the  poduct’s  features  are  detailed; 

8.  Manufacture  a  model  or  prototype  of  the  poducts; 

9.  Make  additional  tests  in  order  to  establish  if  the  poduct  meets  the  requirements  and  satisfy  the  customer’s  needs; 

10.  Introduce  the  gathered  data  into  the  (ksign  pocess  in  order  to  initiate  actions  aimed  at  improving  quality  of  product  and 
pocess. 

The  design  and  development  plans  have  to  identify  the  necessary  activities,  who  will  make  them,  when  they  begin  and  when 
th^  finigh  An  advantageous  skill  is  to  use  a  network-diagram,  which  makes  the  correlations  between  all  activities.  It  is 
necessary  to  etyhoratfi  plans  for  each  new  poject  and  for  each  modification  of  an  existing  project  in  order  to  impove  the 
prformance  of  the  po^ct^. 
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MANAGEMENT  AND  ASSESSMENT  MODE 


Designing  and  development  aren’t  complete  until  it  isn’t  demonstrated  that  the  project  meets  the  specified  requirements. 
That  is  why  the  design  and  development  plans  must  contain  the  project’s  test  and  ^^dation  activities  too^\ 

The  ten  steps  mentioned  above  can  be  grouped  in  four fazjes  of  the  evolution  of  a  product: 

>  The  feasibility  phase; 

>  The  project  definition  phase; 

>  The  development  phase; 

>  The  manufacture  phase. 

For  that  reason,  the  design  and  development  plans  may  consist  in  four  separate  documents,  each  for  one  of  the  above 
phases,  and  each  document  containing  details  of  the  next  phase.  In  order  to  maintain  control  over  all  the  activities,  it  m^  be 
necessary  to  prepare  separated  plans,  to  which  the  general  plan  may  referee.  The  design  process  steps  are  descried  in  Fig.  3®. 

The  design  process  represents  the  phase  between  the  design  requirement  receiving  and  the  output  producing  (Fig.  4). 

3.1*  llesign  Review 

The  design  review  represents  a  part  of  the  design  control  process,  in  which  the  design  performance  is  measured,  the  design 
is  compared  with  the  prescribed  requirements  and  the  feedback  io  provided,  so  that  the  deficiencies  are  corrected  before  the 
aj^oach  of  the  next  phase.  Althou^  the  design  documentation  have  passed  through  a  verification  process,  the  purpose  of 
the  design  review  is  not  to  evaluate  these  documents,  but  to  subject  the  design  to  assessment  of  an  independent  team  of 
experts,  in  order  to  establish  if  the  solution  selected  is  the  best.  The  design  review  must  reveal  the  deficiencies  of  the 
designing,  before  their  elimination  becomes  too  expensive.  Depending  on  the  design  complexity  and  the  risks  implied,  the 
following  design  reviews  may  be  necessary: 
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^  The  design  requirement  review;  it  est^lishes  if  the  design  requirements  may  be  met  and  that  they  reflect  the  customer 
needs,  before  the  beginning  of  the  design  activity. 

^  The  concept  review:  it  establi^es  if  the  concept  meets  the  requirements,  before  die  design  is  fimshed. 

>  The  preliminary  design  review:  it  establishes  if  all  the  risks  have  been  diminished/  removed,  and  all  the  development 
specifications  have  been  prepared  for  each  subelement  of  the  product,  before  the  beginning  of  the  detailed  design 
activity. 

>  The  critical  design  review;  it  establishes  if  the  detailed  design  of  each  part  of  the  product  complies  with  the 
development  specification  and  if  the  product  specification  has  been  prepared  brfore  the  mamifac^  of  the  p-ototype. 

>  The  review  in  view  of  the  design  qualification/  validation:  it  establishes  the  design  configuration  and  that  the  design 
may  be  subjected  to  qualification  before  the  beginning  of  the  ikmonstration  i*ase. 

>  Hie  final  review:  it  establishes  if  the  design  meets  the  development  specification’s  requirements,  before  prepairement 
for  manufacturing. 

The  difference  between  verification  and  validation: 

>  Verification  compares  design  ouQjut  to  input;  it  is  the /w'<wf«c0'’s  point  of  view. 

>  Validation  ensures  that  the  product  meets  user  needs  and  requirements;  it  is  the  atstomer’s  point  of  view. 

3.2  Design  Verification 

There  are  2  types  of  verification;  the  verification  activities  made  on  the  product’s  components  in  order  to  establish  the 
compliance  with  the  specifications;  and  the  verification  of  the  final  design  in  order  to  establish  its  performance.  The 
of  verification  follow  the  review  program,  but  may  inclucte  additional  jAases.  Design  verification  must  be 
done  when  there  is  a  verifiable  output.  When  a  tystem  is  designed,  diere  are  design  requirement  for  each  subsystem, 
equipment,  imii,  and  the  like,  until  the  last  component  and  material.  The  verification  may  take  the  form  of  document  review; 
test  and  demonstrations;  alternative  calculations;  comparison  to  other  designs,  and  the  like. 

3.3  Design  Validation 

The  verification  demonstrates  that  the  design  is  right;  the  validation  demonstrates  that  it’s  the  ri^  d^gn.  Design 
validation  is  an  evaluation  process,  which  establishes  that  the  design  meets  all  the  user’s  requirements.  Validation  goes 
beyond  the  verification,  by  the  establishment  of  safety  characteristics  and  performance  limits. 

Design  Validation  may  take  the  form  of  qualification  tests,  by  which  the  p-oduct  is  tested  till  and  btyond  the  design  liimP, 
in  order  to  collect  operational  and  performance  data.  Also,  the  p-oduct  is  subjected  to  performance  tests  and  maintainability 
test,  in  specified  functional  conditions^. 

4.  QUALITY  PLANNING  ROADMAP 

Quality  planning  is  a  Structured  i»ocess  designed  to  create  products  that  meet  customer  needs  and  are  free  fixim  deficiencies. 
The  steps  of  the  p'ocess  are: 

1.  Establish  Project 

2.  lifcntify  Customers 

3.  Discover  Customer  Needs 

4.  Develop  Product 

5.  Develop  Process 

6.  Develop  Process  Controls/ Transfer  to  Operations 

Measurement  is  crucial  at  each  step  of  the  process.  From  the  very  begirming,  it  is  essential  to  establish  wtys  to  measure 
goals  customers,  customer  needs,  product  features,  and  quality  control,  and,  finally,  to  measure  the  effectiveness  of  the  plan 
to  operations  Measurement  of  the  results  of  activities  within  each  of  the  six  steps  and  the  results  of  the  steps  themselves 
helps  to  ensure  that  a  quality  planning  project  meets  specific  quality  goals.  Measurement  usually  takes  the  form  of  gathering 
and  analyzing  Hata  such  as  surveying  customers,  establishing  qu^ty  goals,  establishing  the  means  for  measurement,  and 
simulating  and  testing  pototypes  against  these  goals. 
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Stage 

What  is  required? 

Design  banning 

>  Procedures  for  each  activity 

>  Responsibilities  identified 

>  Resource  adequate;  qualified  resources 

>  Interfaces  between  groups  defined 

>  Communication  between  groups  established 

>  Plans  updated  as  design  evolves 

Design  Input 

>  Design  requirements  identified,  including: 

Acceptance  criteria 

^  Requirements  of  regulatory  bodies 
^  Proper  functioning 
^  Safety  characteristics 

>  Reviewed  for  adequacy 

>  Incomplete,  ambiguous  or  conflicting  requirements  resolved 

Design  Output 

>  Technical  documents  to  be  used  from  production  through  servicing  (drawings, 
specifications,  instructions  and  procedures)  that  are  crucial  to  safe  fonctioning 
of  the  product,  including: 

^  elation 
^  Storage 
^  Handling 
^  Maintenance 
^  Disposal 

>  Output  documents  to  be  reviewed  before  release 

Design  Review 

^  Scheduled  reviews  of  development  status  with  all  participating  groups 
>  Record  of  reviews  maintained 

Design  Verification 

>  A  plan  to  verify  that  output  meets  input 

Techniques  may  include: 

^  Alternative  calculations 
^  Comparison  to  other  designs 
^  Tests  and  demonstrations 
^  Document  review 

Design  Validation 

>  A  plan  to  validate  that  user  needs  and  requirements  are  met 
^  Follows  successful  verification 
^  Defined  operating  conditions 
^  Normally  done  on  final  product 
^  May  have  different  vali^tions  for  specific  intended  uses 

Design  Change 

>  A  plan  to  control  design  changes  before  implementation 
^  Identify 
^  Document 
^  Review 
^  Approve 

Fig.  3  Design  Stages 


4.1  Quality  Planning  Steps 
L  Establish  the  Project 

The  six  steps  of  Quality  planning  can  be  explained  through  a  series  of  logical  questions  that  planners  need  to  answer.  An 
organization  starts  the  planning  process  by  first  selecting  the  goods,  services,  or  processes  to  be  designed  or  redesigned  The 
Questioning  process  begins  with  a  series  of  inputs  or  known  infonnation.  Given  what  we  know  about  markets,  customers, 
technology,  the  question  to  be  answered  is:  “What  do  we  want/  need  to  build?”  The  answer  to  this  question  es^lishes  the 
kind  of  prcduct  to  be  built  However,  one  cannot  plan  in  the  abstract.  One  carmot  develop  an  effective  plan  unless  specific 
goals  have  also  been  established  A  more  complete  answer  to  the  question  will  provide  a  greater  focus  for  the  team.  These 
specific  goals  are  vital  to  both  the  team  and  the  organization  because  they  become  indicators  of  success  for  the  final  design 
This  mission  statement  is  passed  on  to  the  team  that  verifies  whether  the  statement  meets  the  criteria  of  an  effective  mission 
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Kg.4  Design  Process 

2.  Identify  citstomers  ,  .  ,  i  •  «i7 

Once  the  {Hoject  has  been  established  and  the  team  knows  what  they  want  to  create,  the  next  logK^  question  to  ask  is  ror 
whom  are  we  building  this?”  The  answer  to  this  question  will  lead  the  team  to  identify  the  most  critical  or  vital  few  external 
and  vital  few  intranal  customers.  Many  organizations  and  many  planning  teams  often  assume  they  kn^ow  their  customers  are. 
Althou^  the  buyer  is  certainly  important,  he  or  she  may  represent  only  a  small  percentage  of  individi^s  affected  by  the 
product.  Typically,  customers  inclwte  su^Jliers,  end  users,  new  and  potential  customers,  and  the  media  or  governmental 
agpurripig  that  aic  affected  when  products  may  f^.  Other  customers  are  internal.  They  include  Ae  woricers  who  create  the 
product  or  Oliver  the  service,  sales  people  who  sell  the  product,  customer  service  rejnesentatives  who  answer  customer 
questions,  etc. 
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3.  Discover  customer  needs 

Now  that  we  know  the  [S'oduct  we  want  to  create  and  for  whom  it  will  be  built,  the  third  question  to  ask  is,  “What  benefit 
will  they  want  firom  it?”.  Answering  this  question  result  in  a  precise  list  of  nee^  the  most  critical  customers  you  identified 
in  the  previous  step. 

Customers  do  not  always  state  their  needs  in  ways  teams’can  easily  understand  Needs  are  generally  expressed  in  the 
language  of  the  customer,  not  of  the  organizatioa  Some  needs  will  be  stated  explicitly  by  the  customer,  others  remain 
unstated  and  must  be  uncovered  Needs  can  arise  from  many  places,  including  the  perception  of  customer,  cultural  factors, 
or  even  unintended  uses  of  a  product. 

4.  Develop  product 

Now  that  the  team  knows  the  product  they  want  to  create,  for  whom  it  will  be  built,  and  the  benefit  th^^  want  from  it,  the 
fourth  question  to  ask  is  “What  will  create  the  benefit?”.  Experience  has  demonstrated  that  this  step  is  potentially  one  of  the 
most  innovative  and  creative  {biases  in  the  planning  process.  Answering  this  question  result  in  the  team  developing  specific 
product  features,  which  will  address  customers’  needs.  Each  feature  must  have  a  quality  goal.  The  goals  are  the  targets  each 
product  feature  must  be  able  to  meet.  Quality  feature  goals  may  come  from  the  customer,  the  organization,  benchmarkings 
regulatory  bodies,  etc.  The  team  will  eventu^y  need  to  decide  which  features  and  goals  from  all  the  possible  choices  will 
be  select^  to  become  part  of  the  final  design.  Through  the  use  of  specialized  quality  tools,  teams  will  be  able  to  determine 
the  q^mum  by  finding  a  balance  between  meeting  the  needs  of  customers  and  suppliers  alike,  meeting  the  competition,  and 
minimizing  the  combined  costs  of  customers  and  supphers. 


5.  Develop  process 

Now  that  the  team  knows  the  product  they  want  to  create,  for  whom  it  will  be  built,  the  benefit  they  want  from  it,  and  what 
will  create  that  benefit,  the  fifth  step  is  to  ask,  “How  do  we  deliver  that  product  best?”.  In  this  step,  the  team  develops  the 
processes  which  will  be  able  to  produce  the  product  features  required  to  meet  customers’  needs. 

Process  development  creates  the  means  for  producing  the  product  and  meeting  quality  goals.  These  include  creating  the 
procedures,  methods,  instructions,  etc.,  for  converting  the  plan  into  actions  workers  will  use  to  build  the  good  or  deliver  the 
service.  The  team  selects  the  various  process  features  and  process  feature  goals  that  will  make  up  the  process  design.  They 
also  establish  that  the  process  is  capable  of  meeting  quality  goals,  thereby  minimizing  deficiencies.  Many  of  the  kinds  of 
analyses  used  in  the  previous  step  to  select  the  final  product  feature  and  goals  will  also  be  applied  to  optimize  and  select 
those  process  feature  and  goals  that  will  make  up  the  final  process  design. 

6.  Develop  process  controls/  transfer  to  operations 

Finally,  the  team  needs  to  ask,  “How  do  we  ensure  it  works  as  designed?”.  The  output  of  step  six  is  the  total  plan  which 
includes  all  the  means,  process  specifications,  procedures,  instruction  books,  briefings,  training,  etc.,  required  to  meet 
product  and  process  goals.  The  plan  also  incorporated  the  process  control  i^stem  that  is  developed  in  this  step  to  ensure  that 
the  process  continues  to  work  and  meet  quality  goals  over  and  over  again.  The  final  activity  in  this  step  is  the  formal 
tranter  of  the  plan  to  operational  forces.  This  activity  is  crucial  since  it  is  important  to  have  a  smooth  transition  from  design 
to  implementation  of  the  plaa 

4.2  Modern  Quality  Planning 

Today’s  quahty  planning  model  emphasizes  customer  needs  and  teamwork.  It  provides  a  structure  and  system  of 
interrelated  elements  for  ensuring  customer  satisfaction  identifying  the  best  combination  of  feature  and  keeping  defects 
to  a  minimum.  Planning  for  quality  also  means  identifying  up-front  the  resources,  activities,  procedures,  and  required 
producing  a  product,  which  will  meet  or  exceed  customer  requirements.  This  approach  can  achieve  first-time  results: 
delimiting  customers  with  the  right  combination  of  features  and  deficiencies  significaMy  lower. 

Within  the  boundaries  of  the  project,  all  departments  and  functions  affected  try  the  product  and  are  involved  at  each  phase 
of  the  quality  planning  process.  This  team  approach  ensures  that  the  needs  of  internal  and  external  customers  are  considered 
to  design  a  quality  proc^ct  before  being  released  to  operations. 
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5.  MAINTAINING  THE  CUSTOMER 


An  organization  is  developing  the  customer  focus  in  order  to  satisfy  better  its  customers.  For  that,  flie  organization  uses  the 
data  referring  to  customer  satisfaction,  in  order  to  measure  its  success  another  important  measure  of  success  is  the  customer 
retention^ 

The  customer  satirfarrinn  is  the  critical  part  of  the  customer  retention,  but  the  two  fectore  are  not  synonym.  A  satisfied 
customer  is  not  all  w^s  a  maintained  customer.  The  customer  satisfaction  is  critical,  but  it  s  the  means  to  an  end,  not  toe 
end  itself.  The  end  is  toe  customer  retention.  For  that  toe  organiz^on  must  measure  its  sua^ss  ^  using  toe  data  referring 
to  toe  customer  retention,  rather  than  toe  data  referring  to  customer  satis&ction.  The  issue  is  not  if  toe  customer  is  satisfied 
with  toe  company’s  products  or  services,  but  if  hear  she  is  sufficiently  satisfied  to  be  maintained. 

In  order  to  maintain  customer  for  a  long  term,  a  company  must  make  them  it’s  p^ers,  and  must  make  a  p-oactive  research 
of  toe  inpit  Hata  fix)m  the  customers,  rather  than  wait  for  customers  to  complain  and  then  react  to  toe  feedback  after  toe 
problem  occures. 

Many  companies  makft  the  mistake  to  react  only  to  toe  glared  complaints  of  toe  customers,  and  don’t  go  further,  to  find 
out  what  has  not  been  said.  The  record  of  toe  complains  repeseitfs  toe  peak  of  on  iceberg.  In  orto  to  gather  toe  unreconM 
complaints,  one  may  use  techni^es  surto  as  customer  surveillance,  customer  testing,  customer  interviews,  and  toe  sending 
of  sales  representative  to  gather  customer  data. 
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ABSTRACT 

In  the  paper,  the  possibilities  to  improve  the  quality  of  products/  processes  using  modem  methods  and  equipment  for  non¬ 
destructive  control  are  presented.  The  quality  control  is  represented  by  the  operational  techniques  and  activities  used  to  fulfil 
the  conditions  concerning  the  quality,  it  is  a  way  to  verify  the  realization  of  quality  and  to  establish  necessary  actions  to 
correct  the  non-conformities.  The  defectoscopy  represents  an  assembly  of  metliods  to  examine  materials,  pieces  and  joins  to 
discover  their  defects  (flaws,  emptiness,  inclusions,  etc.)  by  non-destructive  control  methods.  Tlie  essential  requirements  of 
non-destructwe  control,  in  coimection  witli  the  imperatives  of  total  quality’s  concept  determinate  in  a  short  period  of  time  a 
high  attainment  of  systems’  quality.  In  tlie  second  part  of  the  paper,  the  possibility  to  achieve  non-destructive  control  witli 
the  aid  of  robotic  systems,  the  aj^opriate  cases  in  which  the  robots  are  useful,  the  type  of  robot  together  with  constructive 
details  are  presented.  The  two  main  directions  where  the  robotics  is  useful  are  non-destnictive  control  in  technological  flux 
and  the  control  in  hostile  or  unapproachable  environment  for  human  operator.  In  the  first  case  are  used  robots  with  proper 
software,  and  in  the  second,  remote  control  robots.  Finally,  the  advantage  offered  by  the  robot  utilization  for  non-destructive 
control  in  special  situations  is  emphasized. 

^^Measurement  is  the  first  step  that  leads  to  control  and  eventually  to  improvement  If  you  can  H  measure  somethings  you 
can^t  understand  it  If  you  can^t  understand  it^  you  can^t  control  d.  If  you  can^t  control  you  can  ^t  improve  it 

(H.  James  Harrington) 


Kewords:  non-destructive  control,  control  of  product  /  process,  robotics,  sensors 

1.  INTRODUCTION 

In  the  modem  conception,  the  control  task  is  to  action  and  to  intervene  operatively  so  that  the  final  product  to  correspond 
with  required  conditions,  to  fulfil  conformity  quality,  that  is  all  the  elements  which  characterizes  the  product  or  the  piece  to 
correspond  with  what  is  written  in  specifications  or  in  contract.  The  control  action  takes  into  account  all  stages  of  process 
achievement,  in  every  stage  specific  methods  being  utilized^. 

Indifferent  of  the  measures  nature  which  applies,  the  central  problem  is  the  correct  establishment  of  the  cause  that  generate 
defects,  so  that  the  most  suitable  measures  can  be  applied  to  reduce  its  effect.  The  causes  cognition  supposes  a  continuous 
concern  of  all  the  factors  which  participates  at  a  product  achievement  supposes  the  evaluation,  the  analysis  and  tlie  qualify 
control  (product,  process)  permanently  and  systematic*. 

Processes  at  which  the  work  refers  are  the  processes  which  produce  results,  the  processes  which  implement  or  reproduce  the 
project,  the  repeatable  processes  which  generate  products.  These  processes  differs  of  the  design  process  through  the  fact  that 
they  arc  destine  to  multiply  the  product  every  time  at  the  same  standards.  The  design  process  is  a  journey  in  unknown, 
meanwhile  the  production  process  is  a  journey  on  a  proved  way,  with  predictable  results.  Tlie  design  process  requires 
control  to  maintain  a  pre-established  standard. 

There  are  two  ways  to  control  the  product  quality: 

>  controlling  the  product  that  traverse  the  manufacture  process; 

>  controlling  the  processes  through  which  the  product  passes. 

The  product  control  is  based  on  the  production  equipment  control,  meanwhile  the  product  control  is  based  on  the  product 
check  at  the  output  from  different  stages  of  the  process^l  In  practical  activity,  the  both  fypes  of  control  are  applied. 


*  Correspondence:  Phone:  (401)  780.66.40;  Fax:  (401)  423.25.32 
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according  to  Fig.  1.  If  the  control  is  focused  only  above  the  process  outputs,  excluding  anything,  it  will  be  discovered  that  in 
many  cases  the  necessity  of  the  finite  product  re-manufacturing  will  appear.  If  the  control  is  focused  above  the  fxocess, 
using  the  results  of  the  {xoduct  check,  then  the  re{»x)cessing  are  gradual  reduced  until  all  the  coming  out  products  fi'om  the 
process  have  a  constant  quality. 

A  simjde  {xoduction  process  is  iQustrated  in  Fig.  2,  in  which  the  shadowed  boxes  indicate  the  external  interference  of  the 
production  [xocess. 

2.  THE  PROCESS  AND  PRODUCT  CHARRACTERISTICS  CONTROL 

The  quality  plan  or  the  quality  proceedings  must  not  contain  requirements  referring  to  the  product,  Imt  the  diec^  niethods, 
the  pecautions  and  the  necessary  recordings  must  be  provided.  The  controlled  conditions  include  the  monitoring,  the 
ififfppftinns  and  the  tests  in  process.  All  the  controls  must  have  a  check  stage  and  a  feedback  loop.  The  manufacture  of  some 
products  can  be  a)ntrolled  only  throng  the  product  inspection®- ". 

The  process  control  msans  that  the  operators  know  what  results  they  must  obtain,  what  results  were  been  obtained  and  they 
can  correct  the  performance  if  the  djtained  results  are  not  what  is  required.  In  the  p-ocess  specification  the  observed 
parameters  and  the  limits  between  the  process  must  maintain  are  defined* . 

2.1.  How  is  it  done  ? 

1.  The  base  for  the  p-ocess/ product  ottitrol  in  the  quality  plaiL 

2.  Ihe  critical  control  points  are  identified. 

3.  The  fiictors  that  affect  the  hey  process  control  are  defined;  equipment,  environment,  the  dangerous  materials  control. 

4.  The  following  requirements  of  the  p-oduct  are  identified;  specifications,  perform  standards,  legal  standards  and  cortes. 

5.  The  existent  monitoring  techniques  are  analyzed. 

6.  The  control  and  jqproval  proceedings  are  developed. 

7.  The  work  instructions/  the  job  descriptions  are  ^eloped. 

8.  Tlie  control  equipment  maintenance  proceedings  are  developed. 

9.  The  special  processes  are  irfentified. 

10.  The  control  of  the  process  change  is  implemented. 

11.  The  p-oceedings  are  reexamined/ impoved 

12.  The  reexaminations  are  estimated 

2.2.  Special  prtrcesses 

Ihete  are  some  pocesses  in  which  the  conform  poduct  is  total  depndent  of  the  prsotmel  and  equipment  rapability  and 
the  utiii-ypH  fariiitipg  and  in  which  the  conformity  can  not  be  integral  check  throu^  tire  fimte  product  examination  in  aiiy 
assembly  gtagp^  If  anything  of  these  fiictors  is  inadequate,  the  deficiencies  may  appem  long  time  after  the  poduct  there  is  in 
exploitatioa  Among  these  poducts  there  are  coverings,  welding  and  cling  joining,  castmgs,  forging,  moulding,  heat 
treatments  and  inspection  and  testing  techniques  such  as;  X-R^  and  US  examinations,  envirorunent  tests  and  mechamcal 
stress  tests'*-®. 

A  gppHai  atfpntinn  rnust  be  granted  to  these  pocesses  to  assure  the  continuous  capability  to  fulfil  the  specifications*.  This 
may  inclu^; 

>  The  pocess  and  equipment  pe-qualification;  all  the  factors  that  affect  the  pocess  are  identified  (materials,  operations, 
environment,  utilities,  equipment  controls),  so  that  the  potential  variability  that  affect  the  product  quahty  to  be 
controlled 

>  The  utilization  of  qualified  personnel  that  fulfils  specific  training  criteria. 

>  The  ni<tnitr>riiig  and  continuous  control  of  the  critical  characteristics  of  the  pocess. 

>  The  maititaining  and  analyzing  of  the  pocess,  equipment  and  personnel  recordings. 

2.3.  The  products  /  processes  quality 

The  poducts  /  pocesses  quality  depends  in  special  of; 
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>  The  documents  quality  that  define  the  product. 

>  The  raw  materials  or  base  products  quality. 

>  The  control  of  manufacture  processes,  that  begins  with  their  qualification. 

>  The  posonnel  qualification  that  perform  and  inspect. 

>  The  control  of  the  inspection,  measurement  and  testing  equipment. 

>  The  ”key  points”  identification,  that  is  the  control  points  of  a  process  that  jnesents  a  particular  importance  of  the  point 
of  view  of  risk  at  which  the  product  quality  is  exposed,  the  installations  and  personnel  security  and  the  environment 
protection. 


lOEnHXXSSQUAllIY  inEFR(MK}Cr<|UAUIY 


cimiROL  cormun, 


Fig.  1  Model  of  jxocess  control 
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The  products  quality  control  can  be  performed  through  non-destructive  examinations.  This  represents  an  assembly  of 
proceedings  for  materials  and  parts  examinations,  with  the  task  to  put  in  evidence  of  their  defects  (fissures,  gaps,  inclusions, 
etc.)  throu^  non-destructive  control  methods^^. 

The  non-destructive  examinations  may  be  applied  to  all  the  parts  from  a  series  or  all  the  components  of  an  assembly  without 
reduce  their  functional  capacity,  because  the  control  does  not  debase  the  controlled  piece.  With  the  aid  of  these  methods  the 
defects  detecting  and  the  measurement  of  some  technical  characteristics  of  the  materials,  parts  or  assemblies  are  possible. 

The  advantages  of  the  non-destructive  examinations  are: 

>  The  parts  which  are  or  will  be  in  function  can  be  controlled  and  the  conclusions  refer  at  those  parts. 

>  Every  part  can  be  controlled,  if  it  is  justified  fi*om  economical  point  of  view. 

>  The  whole  part  or  only  some  zones  can  be  controlled. 

>  Different  zones  can  be  simultaneous  controlled  with  specific  methods  for  different  characteristics. 

>  The  parts  can  be  controlled  meantime  they  work,  because  the  control  does  not  influence  the  lifetime. 

>  Repeated  controls  can  be  performed  upon  the  same  part  and  it  can  be  established  when  the  part  is  not  capable  for  work, 
avoiding  its  destructioiL 

The  non-destmctive  examinations  have  a  special  importance  for  technique,  due  their  advantages  and  due  the  feet  that 
through  the  combination  of  different  methods  can  be  put  in  evidence  almost  all  the  types  of  defects,  their  estimation  being 
possible.  More  much,  the  non-destructive  methods  can  be  applied  to  the  metallic  materials  and  to  the  non-metallic  materials 
too^^. 

The  wide  applicability  domain  of  the  non-destructive  examinations  owes  the  fact  that  it  is  suitable  to  industrial  applications, 
indifferent  of  the  manufacture  series  size,  that  throu^  the  combination  of  different  methods  a  complete  control  of  the 
products  is  assured,  that  it  is  economical  and  that  due  the  achieved  equipment  and  apparatus,  it  can  be  applied  in 
laboratories,  workshops  and  in  building-sites. 

3.  THE  QUALITY  CONTROL  WITH  THE  AID  OF  ROBOTS 
IN  NON  DESTRUCTIVE  EXAMINATIONS 

How  varied  are  the  control  methods,  methods  using  ultrasoimds,  penetrable  liquids,  magnetic  powders,  X  rays,  thermo¬ 
vision  or  hologr^hy,  so  varied  are  the  situations  in  which  these  must  be  applied.  In  function  of  the  nature  of  the  controlled 
object,  of  the  number  of  the  same  type  controlled  objects,  of  the  environment  particularities  and  of  the  most  adequate 
method,  it  results  a  wide  domain  for  the  non-destructive  examinations.  In  many  situations,  the  control  operation  has  a 
repeatable  character,  (obviously  in  the  case  of  measurement  in  the  technological  flux  of  a  great  number  of  identical  pieces, 
in  one  or  more  points),  or  coimter,  the  operation  has  a  singular,  non-repeatable  character,  but  it  is  performed  in  hostile  or 
even  inaccessible  operator  environment  In  the  situations  mentioned  atove,  the  quality  control  with  the  aid  of  the  robotic 
systems  represents  the  solution  of  these  problems,  but  in  the  same  time  can  offer  a  superior  level  of  the  quality  control. 

In  the  followings,  the  most  frequent  met  cases  in  which  the  robotic  aid  is  useful  will  be  presented,  in  parallel  with  the 
corresponding  robot  types. 

3.1.  The  quality  control  in  technological  flux 

It  is  characterized  by  the  control  in  one  or  more  points  of  a  great  number  of  identical  pieces,  that  implies  achievement  in 
identical  mode  the  sensor  movement,  bringing  this  in  contact  with  the  piece  in  the  control  period,  retreat  movement,  rotation 
movement  of  the  piece,  achievement  the  measurement  in  another  point. 

In  the  case  of  US  control,  the  robots  are  fit  by  excellency  for  the  sensor  movement  relative  to  a  fixed  coordinate  system, 
assumed  for  example  to  be  the  immersion  bath.  In  the  Fig.  3a  such  a  robot  is  represented,  achieved  of  the  firm  ISOTEST  - 
Italy^,  that  can  bring  the  sensor  in  any  point  of  the  operation  space  with  the  aid  of  the  three  degrees  of  freedom  mechanism, 
more  exactly  three  translations  corresponding  to  x,  y,  z  axes.  The  orientation  movement  is  manual  performed. 

The  corresponding  three  cars  are  translated  with  the  aid  of  three  step-by-step  motors,  controlled  by  a  computer  (PC  type), 
endowed  with  specific  software,  working  under  “Windows”.  It  is  remarlmble  that  the  program  allows  to  process  the 
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information  transmitted  by  US  transducer  through  intermedium  of  an  interface,  to  disjday  on  monitor  the  defects  diagrams 
and  to  print  the  analysis  certificate.  Some  robots  of  this  type  are  endowed  with  the  fourth  degree  of  fr^om  too,  that  allows 
the  object  rotation  movement  (Fig.  3b).  The  displacements  and  the  rotations  can  be  carried  out  with  variable  velocities, 
easily  to  modify. 


a)  with  three  degrees  of  freedom 
Fig.  3  US  Control  Systems  in  immersion 
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b)  with  four  degrees  of  freedom 
Fig.  3  US  Control  Systems  in  immersion 

The  question  that  appears  is:  From  what  number  of  pieces  is  it  convenient  from  economical  point  of  view  to  use  such  a 
robot?  Without  to  propose  to  indicate  an  exact  value,  it  can  be  appreciated  at  some  thousands  the  number  of  identical 
objects  for  which  it  is  justified  that  an  enterprise  to  purchase  a  robotic  equipment,  if  it  is  probably  to  appear  the  necessity  of 
the  same  kind  pieces  control.  If  this  thing  is  certain,  the  mentioned  number  may  be  smaller  (some  hundreds  of  objects), 
because  the  software  modification  is  cheaper. 

The  positioning  and  orientation  movement  upon  the  measured  piece  surface  can  be  achieved  too  with  robots  having 
rotational  couples.  However,  the  software  achievement  is  more  dfficult,  the  expression  of  the  internal  coordinates  of  the 

robot  (the  rotation  angles  from  kinematic  couples:  ^  function  of  its  external  coordinates  (the  coordinates  x, 

y,  z  of  the  characteristic  point  of  the  robot,  which  is  materialized  by  a  point  from  the  transducer  surface  and  three  angles  a, 
P,  y  that  defines  the  transducer  orientation)  being  necessary: 


[(In  =<ln(?(,y,z,a,p,Y) 


(1) 
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Solving  the  system  of  equation  (1)  we  obtain  the  solution  of  the  “inverse  kinematic  problem  .  In  the  ca^  in  which  the  robot 
is  redundant,  that  is  it  has  degrees  of  freedom  in  excess  and  can  perform  the  positioning  movement  in  more  modes,  this 
solution  is  not  unique;  in  this  case  it  has  to  be  introduced  supplementary  conditions,  of  path  optimization,  so  that  the 
computer  can  take  a  decision’.  The  advantage  of  these  robots  is  that  they  look  like  the  human  organism  as  structure  and  they 
are  “skilful”. 


3.2.  The  investigation  in  hostile  environment 

It  is  at  the  opposite  pole  in  comparison  with  the  preceding  case,  it  is  characterized  throng  the  non-repeatable, 

sometimes  onexpectp^  element  of  the  control  action,  the  use  of  programmable  robots  teing  total  inadequate.  In  this  case  it  is 
necessary  to  appeal  at  remote  controlled  robots,  that  are  driven  by  a  human  operator  situated  at  distance.  The  remote  control 
may  be  performed  by  cable  or  by  radio  (about  ten  times  more  expensive). 

It  is  most  suitable  for  the  inspection  with  camera  ^ce  or  with  thermo-vision  systems,  without  exclude  another  types  of 
transducers,  in  spaces  with  constant  arisen  terrqrerature  (40-60  °C),  in  chemical  or  radioactive  contaminated  environments. 
Robots  of  ^s  kind  were  used  for  inspection  and  manipulation  too  of  dangerous  objects  at  the  nuclear  power  station  tom 
Cemobil  Two  variants  of  remote  controlled  robots  for  intervention  in  hostile  environments  and  for  dangerous  objects 
manipulation  were  designed  and  carried  out  (Fig.  4  and  Fig.  5). 


Big.  4  Remote  controlled  robot  for  intervention  in  hostile  environments  (the  variant  with  fixed  track) 
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Fig.  5  Remote  controlled  robot  for  intervention  in  hostile  environments  (the  variant  with  bendable  track) 

These  robots,  having  similar  structure,  are  made  up  from  a  transporter  vehicle  (that  can  climb  edges,  stairways,  can  pass 
throng  an  ordinary  door)  and  the  positioning  and  orientation  mechanism  of  Ae  gripper;  the  robot  has  five  degrees  of 
freedom,  exclusive  the  grip  movement,  is  endowed  with  two  color  camera  devices,  the  imagine  being  transmitted  to  a 
monitor,  situated  above  the  control  panel  They  can  be  easily  adapted  for  non-destructive  examinations  throu^  elimination 
of  the  grip  function  and  the  assembling  the  desired  transducers  or  equipment. 

3.3«  The  investigation  in  the  interior  of  the  pipes 

The  net  of  water  pipes  (we  distinguish  here  the  pipes  for  supplying  with  water,  canal  pipes  and  district  heating  pipes) 
requires  an  ample  volume  of  effort  for  maintenance  and  rehabilitation  and  important  expenses  too.  The  modem 
rehabilitation  m^ods,  named  ""no  di^',  bring  significant  thrifts  in  comparison  with  classical  meAods  of  pipes  replacement 
and  have  beneficial  consequences  above  environment.  To  apply  these  methods  is  necessary  beforehand  to  cany  out  an 
inspection  inside  the  pipe  with  the  purpose  of  corrosion  degree  estimation  and  local  defects  detection.  After  rehabilitation, 
the  final  check  is  carried  out  with  the  same  equipment.  If  for  the  first  type  of  defects  the  inspection  can  be  achieved  with  a 
camera  device  or  a  thermo-vision  system,  for  hidden  defects  detection,  ihc  ultra-sounds  control  is  indicated 

The  inspection  equipment  has  to  fulfil  some  specific  conditions: 

>  to  have  the  sizes  suitable  for  the  diameters  of  the  pipes; 

>  to  be  protected  against  the  hostile  environment  from  the  damaged  pipes; 

>  to  be  sufficient  of  mobile  and  robust; 

>  to  allow  permanently  the  control  of  the  developed  activities  with  the  aid  of  a  surface  station. 


The  inspection  equipment  is  composed  Ity  a  remote  controlled  vehicle  that  passes  the  pipe,  endowed  with  camera  device, 
illumination  system,  thermo-vision  ^stem  or  ultra-sounds  transducers  and  the  surface  part  that  controls  and  records  the 
position  and  the  type  of  every  defect. 

The  camera  device  may  be  fixed,  in  special  for  pipes  of  small  diameter  (Fig.  6),  or  with  possibility  of  orientation  with  the 
aid  of  a  mftrhanism  or  may  be  maintained  on  the  axis  of  the  pi]^  acting  a  parallelogram  mechanism  (Fi&7).  In  the  case  of 
ultra-sounds  control,  the  sensor  must  be  brought  in  contact  with  the  wall  of  the  pipe  on  the  whole  circumference.  Thts 
requires  a  special  remote  controlled  mechanism,  c^ble  to  bring  into  position  and  to  establish  the  correct  direction  of  the 
sensor,  which  in  fact  is  a  robotic  arm  with  at  least  three  degrees  of  freedom®. 


Fig.  6  Inspection  system  with  camera  device  in  pipe  of  great  diameter 

Supplementary,  it  has  to  be  solved  the  problem  of  supply  with  coiqjling  substance;  this  has  the  task  to  assi^  pro^r 
conditions  for  measuTemant  Since  the  interior  of  the  pipe  may  be  irregular,  the  robotic  arm  must  be  provided  with 
compliance.  The  vehicle  must  adapt  itself  to  particular  conditions,  that  is  it  must  not  overturn  or  must  function  in  any 
position;  it  must  not  hang  up  itself  of  different  obstacles;  it  must  have  a  given  autonomy,  up  to  500  meters.  This  distance 
generates  some  p-oblems  in  connection  with  the  fffopulsion  mode.  In  the  case  of  a  motor  vehicle  the  motor  (and  the  motors 
for  the  action  of  the  robotic  arm  too)  may  be  of  hydrauhc  or  electric  type.  The  supply  with  energy  must  be  achieved  through 
cables,  lv»eai?«=<^  the  batteries  are  sizable  and  have  an  unsuitable  form.  The  data  transmitted  of  sensors  are  processed  in  a 
computer  standing  in  a  laboratory-car.  After  the  measurements  are  finished,  a  detailed  and  complete  information  about  the 
state  of  pipes  system  and  a  jxecisely  description  of  defects  result. 

In  conclusion,  the  robotics  is  useful  for  the  non-destructive  examinations  domain  in  two  situations: 

>  for  control  in  technological  flux; 

>  for  control  in  hostile  or  dangerous  environment. 

Frpiipiwftnt  of  this  type  are  more  and  more  frequent  utilized,  being  important  the  lifetime,  the  position  accuracy  (that  is 
reflected  in  the  quality  of  the  measurement  process)  and  the  inqjrovement  of  the  software. 

The  concept’^"  and  achievement  of  robotic  systems  for  non-destructive  examinations  represents  one  of  the  most  important 
concern  within  the  framework  of  the  EUROTEST  2000  society;  the  collaborations  with  institufes  or  firms  which  are 
connected  with  this  field  of  activity,  such  as  ISOTEST  -  Italy,  The  Optoelectronics  Institute  Bucharest,  The  National 


Research  -  Development  Institute  for  Fine  Mechanics  CEFIN  Bucharest  and  others,  guarantees  products  of  hi^ 
performances. 


Fig.  7  Inspection  system  with  camera  device  in  pipe  of  small  diameter 
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ABSTRACT 

Using  a  mimprifai  codc  assisted  data  processing  we  show  that  the  precision  in  the  elUpsometric  ^  measurements  can  be 
improved  with  a  degree  of  confidence,  up  to  an  order  of  magnitude.  Our  method  is  based  on  fitting  the 

pvppiritnpntal  data  with  a  pair  of  fimctions  of  known  theoretical  behavior.  Essentially,  we  corroborate  Ae  results  obtmed 
firam  one  strongly  nnalinear  function  to  those  given  by  another  behaving  ‘ultra-Iinearly’.  When  worlmg  with  consistent 
experimental  data,  this  procedure  leads  to  a  pair  of  ‘ouQtuts’  that  enhance  one  another  producing  an  increased  degree  of 
precisioiL  The  paper  ejqrlicitly  ^plies  this  idea  to  an  ellipsometric  type  measurement  for  the  refiaction  index  of  a  ^ass 
specimen. 


1.  INTRODUCTION 

ElUpsometric  ^e  measurements  provide  a  basic  technique  to  cibtain  some  essential  optical  information  on  the  properties  of 
a  given  material*’^.  As  known,  such  methcxls  can  also  be  used  on  thin  films  and  wave  gmdes.  No  matter  the  precision 
offered  by  the  experimental  setup,  it  is  possible  to  improve  it  by  an  order  of  magnitude  esqrloiting  numerical  assisted  data 
processing. 

The  basics  of  our  method  consists  in  fitting  the  available  experimental  data  with  a  pair  of  functions  of  Imown  theoretical 
behavior.  It  is  inqxrrtant  to  corroborate  one  strongly  nonlinear  function  to  another  behaving  ‘ultra-Unearly’.  Our  experience 
reveled  that  the  confidence  test  (Chi-square)  is  more  easily  satisfied  when  fitting  a  data  base  with  a  nonlinear  function  than 
when  one  uses  a  very  simple  dependency.  In  other  words,  things  happen  as  if  the  nonUnear  fit  would  tend  to  make  the 
erqrerimental  data  look  ‘better’,  even  if  some  low  accuracy  measurements  mi^  be  present.  On  the  other  hand,  the  ‘ultra- 
linear’  fit  makes  all  errors  become  more  evident  When  using  consistent  experimental  data,  even  if  affected  by  errors,  this 
procedure  ipg^g  to  a  paired  set  of  ‘outputs’  that  agree  to  each  other  with  an  increased  (by  one)  degr^  of  accuracy.  The  paper 
pvptiHtly  applies  fliis  idea  to  an  elUpsometric  type  measurement  for  the  refiraction  index  of  glass  prism. 

The  woilc  has  the  following  organization:  the  second  part  emphasized  on  the  theoretical  background  founding  the  numerical 
assisted  technique.  The  third  part  contains  the  experimental  results  and  their  processing.  Appendix  1  indicate  toe  possible 
error  sources.  Appendix  2  presents  toe  irmnediate  experimental  consequences,  needed  to  be  taken  into  consideration  on 
account  of  toe  suggestions  given  by  Appendix  1. 

2.  THE  DESCRIPTION  OF  THE  NUMERICAL  TECHNIQUE 

The  theory  of  reflection  of  plane  waves  incident  on  a  plane  separation  surfece  between  two  transparent  dielectrics^  leads  to 
an  expression  for  toe  reorientation  of  toe  plane  of  toe  polarization.  Ihis  reads 

tan(A)  =  tan(gp  )  (1) 

cos(/  -  r) 
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where  A  means  the  orientation  of  the  polarization  plane  of  the  reflected  beam  (taken  with  respect  to  the  plane  of  incidence), 
Op  designate  the  orientation  of  the  polarization  plane  of  the  incident  beam,  while  /  and  r  mean  the  incidence  and 
transmission  angles  respectively.  If  n  represents  the  value  of  the  relative  refractive  index,  then  by  the  law  of  refiaction 


Combining  (1)  and  (2)  we  get 


r  =  arcsin(sin  (/)/«) 


(2) 


n 


A  =  arctan 


tan/ 


cos(/  +  arcsin( - )) 


cos(/  -  arcsin(^?^)) 
n 


£^tan(ap) 


sin  A-tanoTp  cos  A 


■^sin^  A  +  tanftp  cos^  A  -  tana^  sin  2Acos2/ 


(3.a) 


(3.b) 


We  can  interpret  (3.a)  as  defining  a  function  A  =  A(/,  ttp  ) ,  which  admits  n  as  parameter.  This  interpretation  oisues  fi-om 
the  fact  that  on  a  standard  ellipsometric  setup,  the  values  of  /  and  op  bdiave  like  real  variables,  while  n  is  to  be  detennined. 
Once  we  have  a  value  of  the  triplet  (  A(/,  ) ),  we  can  compute  the  corresponding  value  for  n.  Obviously,  Eq.  (3 .a)  shows 

that  the  relation  between  A  and  its  variables  is  strongly  non-linear.  Equation  (3.b)  defines  «  as  a  function  of  (/,ap.  A) . 
However,  physical  reasons  impose  that  the  refractive  index  is  nothing  but  a  constant.  When  reading  Eq.  (3.b)  such  as 
written,  (me  can  interpret  it  as  another  highly  non-linear  equation.  Still,  because  of  the  physical  grounds  just  the 

complete  cast  of  Eq.  (3.b)  should  read  as 


n  = 


tan/ 


sin  A  -  tanttp  cos  A 


\-yJsia^  A  +  tanttp  cos^  A-tanoTp  sin2Acos2/  =  ct. 


(4) 


wherefiom  we  infer  that  any  graphical  representation  of  w  as  a  function  of  /  runs  as  a  straight  line  parallel  to  one  axes  of 
coordinates.  Because  of  this  simple  character  we  say  that  Eq.  (3.b)  produces  an  ‘ultra-linear’  dependency. 

To  exploit  code  assisted  data  processing,  we  first  need  a  collection  of  experimental  data  that  when  best  fitted  by  Eq.  (3.a) 
will  produce  one  value  for  n,  whUe  when  best  fitted  by  Eq.  (3.b)  will  (generally)  produce  another  one.  The  coincidence  of 
these  two  values  indicates  both  the  consistency  of  the  e^rimental  data  base  and  a  value  for  n,  which  benefits  of  an 
improved  level  of  accuracy  .  In  feet,  it  is  highly  improbable  that  the  same  data  base  could  be  fitted  by  the  same  value  of  n 
fluough  two  so  different  mafliematical  fimetions. 

Avoiding  all  complex  mathematical  arguments,  we  simply  offer  the  following  remarks;  in  contrast  to  linear  fimfjinns  the 
patt^  of  highly  non-liner  functions  is  locally  characterized  by  long  (eventually  infinitely  long)  Taylor  expansions.  Taking 
in  viw  the  cut  offs  related  to  fee  use  of  a  numerical  algorithms,  given  a  range  of  values,  two  nonlinear  fimetions  might  well 
substitute  in  one  another,  just  because  they  mi^  be  similar  in  fee  limited  number  of  terms  considered  in  series  expansions 
that  feed  fee  numerical  algorithm.  This  is  fee  (xrre  of  fee  argument  aUowing  to  understand  why  nonlinear  fun<feons  can 
easily  fit  data  bases  within  a  good  confidence  profile.  It  easily  understood  also  feat  when  we  use  a  linear  functions  to  fit  fee 
data  base,  all  arguments  will  run  in  quite  fee  opposite  direction. 

^  discussed  in  Ajqrendix  1,  ellipsometric  ^e  measurements  involve  problems  of  error  elimination  whi<fe  are  not  easy  to 
circumvent  Appendix  2  presents  one  option  to  improve  fee  precision  of  fee  data  recording  (associated  to  one  of  fee 
variables)  and  to  acquire  a  good  quality  experimental  data  base.  Our  standard  in  appreciating  both  fee  consistency  of  a  data 
base  (a  itemise  for  fee  present  technique  manipulations)  and  fee  quality  of  the  overall  results  will  be  disaissed  in  fee 
following  section. 
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3.  MEASUREMENTS  LEADING  TO  THE  EXPERIMENTAL  DATA  BASE 

Presently  we  will  discuss  two  distinct  sets  of  experimental  results.  One  of  them  will  be  invoked  as  the  ‘Bad’  database,  while 
the  other  will  be  called  the  ‘Good’  data  base.  Booth  sets  are  processed  similariy.  The  records  have  been  taken  u^g  an 
ellipsometric  arrangement.  B:  consists  of  a  mercury  lamp,  a  polarizer,  a  goniometric  table  (allowing  one  to  modify  the 
jnfMdenrR  of  the  beam  reaching  the  probe),  and  an  analyzer  followed  by  photomultiplier.  AH  angular  scales  are  of  the  same 
precision  class,  that  is  ±0.5  minutes. 

A  rninpiftte  set  of  experimental  data  consists  of  two  data  bases.  As  discussed  in  Appendix  2,  the  first  one  is  needed  iri  ordCT 
to  get  the  orientation  of  the  polarization  plane  of  the  light  incident  on  the  probe  (with  a  very  high  degree  of  precision,  in 
order  to  reduce  one  source  of  errors  in  this  ejqreriments).  The  second  set  of  data,  when  used  in  conjunctioris  Eqs.  (3),  leads 
to  the  refiactive  index  of  the  sample.  Practically,  we  have  gathered  the  experimental  data  using  a  gjass  prism  as  a  sample. 
To  acquire  a  comparison  value,  we  have  measured  the  refractive  index  of  our  probe  (for  the  green  line  of  the  ma-cury  lamp) 
with  a  Zeiss  Jena  optical  goniometer  obtaining  rFl.5187iH.0001. 

One  collection  of  data,  namely  the  one  that  we  presented  as  the  ‘Bad’  data  base,  was  taken  to  our  best  accuracy,  using  the 
eye  as  a  detector.  A  second  coUection  of  data,  that  we  have  caUed  the  ‘Good’  data  base  w^  taken  in  similar  conditions  but 
using  as  ptintfimnltipliftr  as  detcctor.  Even  more,  the  measurements  on  the  photomultiplier’s  scale  were  taken  foHowing 
Archer’s  sugestions^. 

Figs.  1  and  2  present  the  results  obtained  fiom  the  ‘Bad’  data  base  while  Figs.  3  and  4  iUustrate  the  results  produced  by  the 
‘Good’  data  base. 
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lig.  1  Experimental  data  and  A=A  (i)  fit  for  the  ‘Bad’  data  base  Fig.  2  Computed  data  and  n=n  (i)  fit  for  the  ‘Bad’  data  base 


Kg.  3  Experimental  data  and  A=A  (i)  fit  for  the  ‘Good’  data  base  Kg.  4  Computed  data  and  n=n  (i)  fit  for  the  ‘Good’  data  base 
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AH  four  figures  contain:  a)  the  experimental  data  and  the  experimental  errors  (shown  as  bars);  b)  the  best  fit  curves  together 
with  an  indication  of  the  fitting  precision  (only  for  c)  the  pair  of  numbers  giving  the  value  of  the  confidence  test 

(x)  and  the  values  obtained  for  the  refiactive  index. 

The  experimental  errors  coimected  to  the  margins  of  reproducibility  for  several  series  of  data  (measured  in  the  samR  general 
conditions)  are  shown  in  Fig.  2 1^  the  pairs  of  points  (A,  A’)  or  (B,  B’). 

A  first  obvious  indication  of  the  poor  quality  of  the  data  collection  shown  in  Figs.  1,  2  consists  in  the  fact  that  the  fitting 
curve  for  n=n(i)  dos  not  intercept  all  error  bars.  A  second  (more  important)  ‘bad’  characteristic  follows  from  the  feet  that 
the  two  values  for  the  refractive  index  do  coincide  only  up  to  the  second  decimal,  fri  contrast,  for  the  data  base  shown  in 
Figs.  3,  4  both  fitting  curves  run  inside  all  error  bars  and  the  pair  of  values  for  the  refiactive  index  coincide  up  to  the  4* 
daimal.  For  these  reasons  we  have  called  this  collection  of  data  the  ‘Good’  data  base.  However  we  can  note  a  third 
distinction  between  a  ‘Good’  and  ‘Bad’  data  bases  as  arising  finm  the  feet  that  the  values  of  the  confidence  figures  are 
conqrarafole  only  for  the  ‘Good’  data  base  (see  Fip.  3,4). 

Comparing  Fig.  1  and  2  (or  Fig.  3  and  4)  we  can  see  that  the  confidence  test  figures  are  a  smaller  (the  fit  is  more  credible)  in 
the  case  of  the  non-linear  function  A=A^ ). 

In  the  case  of  the  ‘Good’  data  base,  we  note  that  not  only  the  values  for  the  refiactive  index  do  coincide  to  the  4*  Hprimai 
but  even  more,  that  th^  also  agree  (to  the  same  precision)  with  the  value  obtained  using  the  minimum  deviation  method. 
CoiToborating  the  experimental  errors  bars  for  the  two  collections  of  data  with  the  quality  exhibited  by  the  value  of  the 
refiactive  index,  we  note  that  in  both  cases  the  algorithm  proposed  in  this  paper  leads  to  a  improvements  of  the  precision  by 
one  ord^  of  magnitude.  However,  we  insist  on  the  feet  that  the  improvement  is  much  more  important  if  the  processed  data 
base  is  consistent  (i.e.,  it  displays  a  reduced  amount  of  experimental  errors). 

4.  CONCLUSIONS 

We  have  shown  that  using  two  very  different  types  of  functions  (imposed  by  theoretical  grounds),  their  best  fit  with  respect 
to  the  same  coUection  of  experimental  data  ensures  a  confirmation  of  the  consistency  (quality)  of  the  data  base.  Even  more, 
our  results  show  that  the  method  presented  can  improve  the  accuracy  in  the  value  of  the  parameter  to  be  determined  by  one 
order  of  magnitude  (in  our  case  the  value  of  the  refoctive  index). 

However,  as  common  to  all  code  assisted  procedures  (eg.  phase  unwrapping,  noisy  signal  analyze,  digital  image  restoration, 
etc.)  these  techniques  involve  some  degree  of  personal  confidence  fiom  user’s  side.  Finally,  we  think  that  the  method 
presented  in  this  paper  can  receive  specific  implementations,  allowing  its  extension  to  other  similar  problems. 

APPENDIX  1 

This  part  presents  an  analysis  of  the  different  errors  sources  and  their  effects  upon  the  results  obtained  finm  ellipsometric 
type  data  bases.  In  association  wife  our  Eg.  (3.b)  and  using  standard  procedures,  we  find  fee  relative  error  for  fee  refiactive 
index  as 


(A.1.1) 


where 


l  +  tan^(A)  ^ _ tan(ctp)sin(2/)sin(2A) _  (A  1.2) 

tan(A)  sin  ^  (/)  +  tan^  (ap  )  cos^  (/)  -  tan(ap  )  sin(2/)  cos(2A) 
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...  ,  V  •  / •'w  sin(0cos(0(l - tan^(ap))- tan(aj>)cos(2/)cos(2A) 

-cos(/)+tan  Op  sm  i 


(A.1.3) 


/  2  /  1 _ 2  tan(gp  )  cos^  (/)  -  sin(2/)  cos(2A) _ 

^1  +  tan  ap^cos/  2  sm^(/)  +  tan^(ap)cos^(/)-tan(ap)sin(2/)cos(2A)J  (A.1.3) 

Numerical  tests  show  that  for  the  usual  experimental  range  defined  by  /  e(0-7[/2X  Ae(-0.5,0J),  and  ai>e(0,n/2),  we  have 
reasonably  A~B~C~10.  For  this  reason  the  best  theoretical  precision  for  n,  (in  our  experimental  setup)  cannot  exceed  the 
second  decimal  when  using  the  eye  as  detector,  or  the  third  decimal  in  the  case  of  a  photomultiplier. 

Because  the  errors  introduced  1^  the  tree  sources  (/,  ffp ,  A)  are  comparable  and  because  we  dispose  of  only  two  physical 
laws  to  fit  the  Hata  it  becomes  stringent  to  eliminate  at  least  one  source  of  errors  (or,  more  reasonably  expressed,  to  make 
one  source  of  errors  negligible  in  comparison  to  others).  This  issue  is  discussed  in  A^rendix  2. 

APPENDIX  2 


In  order  to  give  an  accurate  q)ecification  for  the  orientation  of  the  plane  of  polarization  of  the  incident  beam  we  have 
followed  a  three  steps  procedure.  The  first  step  consists  in  acquiring  a  collection  of  data  relating  the  readings  of  the 
polarizer’s  positions  to  those  of  the  analyzer,  readings  taken  at  ‘grazing’  incidence  on  the  probe  (in  &ct,  tto  operation  does 
not  require  the  probe  to  be  present).  The  data  were  collected  for  extinctions.  While  theoretically  these  relation  should  read 


=  ap  ±  ct. 


(A2.1) 


we  have  admitted  a  more  general  linear  relation 


=aap  ±b 


iA.2.2) 


The  resulting  calibration  graph  is  given  in  Fig.  5. 


Fig.  5  Linear  fit  caliteation  curve  for  ttie  analizer’s  vs.  polarizer’s  angular  positions 

In  the  second  step  we  have  used  only  the  polarizer  and  the  probe  in  order  to  establi^  the  readings  on  the  ^larizer’s  scale 
giving  extinctions  at  Hiffftignt  angles  of  incidence  on  the  probe.  This  was  meant  in  order  to  specify  the  position  of  the  plane 
of  iiKidence,  apo,  on  the  polarizer  scale.  To  increase  the  accuracy  of  the  readings,  we  have  used  the  method  recommended 
by  Archer^.  The  results  are  shown  in  Fig.  6. 
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Fig.  6  Angular  position  of  the  plane  of  incidence  Fig,  7  Improved  specification  of  A 

The  third  step  consists  in  giving  a  refinement  to  the  value  of  A  appearing  in  Eq.  (1).  This  was  done  by  setting  a  crude  value 
of  A  obtained  by  simply  changing  apo  to  apo+A.  Then  we  took  several  readings  for  the  analizer’s  scale  (at  grazing  incidence 
and  for  extinction)  in  order  to  get  a  fitted  value  of  aA,  as  shown  in  Fig.  7.  Finally,  we  have  used  this  value  and  the  reverse  of 
Eq.  (A.2.2)  in  order  to  obtain  an  improved  value  of  A. 
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Abstract 


The  object  of  this  paper  is  to  evaluate  both  the  temperature  distribution  and  the  dopant  concentration  for  a  5  micron 
diameter  single  mode  Si02  fiber  optic  that  is  doped  with  Ge02.  Fundamentally,  what  drives  the  need  to  know  this 
information  springs  from  a  theoretical  model  which  suggests  that  the  index  of  refraction,  leading  from  the  center  to  the  edge, 
follows  a  parabolic  curve.  It  is  the  contention  of  this  paper  that  the  index  of  refraction  in  an  optical  fiber  follows  more  of  a 

.  [1].[2].[3].[4]  2  2  ^  1 

Lorentizean  curve  rather  than  a  truncated  parabolic,  i.e.,  n  (x)  -  nf  (1-  ^  J,or  a  ^  proiiie, 

Xq  cosh 

i.e.,  n^(x)  =  ns  +2ns  ^  ,or  an  exponential  profile,  although  the  exponential  more  closely  follows  what  is 

cosh 

f  -21x1^ 

2  2  (  ) 

described  in  this  paper,  i.e.,  n  (x)  =  ns  +2  nj  An  e  **  .  In  this  analysis  one  will  find  that  the  temperattire  padient 

from  the  center  to  the  edge  of  the  radius  is  more  than  substantially  steep.  Additionally,  one  finds  from  the  diffusivity  of 
Ge02  in  the  liquid  Si02,  that  it  takes  only  0.07  seconds  for  the  temperature  to  drop  to  the  point  where  the  Ge02  freezes. 
Because  of  the  diffusion  of  the  Ge02  in  the  Si02  one  finds  a  depletion  at  the  center  of  28.44%  and  a  continuing  diminution 

-6 

as  one  proceeds  outward  to  a  radius  of  1.25(10  )  meters  where  the  accretion  of  Ge02  begins  and  continues  to  increase  until, 
at  the  wall,  the  outer  radius  has  an  accretion  of  27.24%. 


Introduction 


The  major  undertaking  of  this  paper  is  to  describe  the  temperature  gradient  as  a  function  of  time  when  the  optical 
fiber  material  is  pulled  through  the  die  and  subsequently  cools.  There  are  a  number  of  components  to  this  problem  and  we 
will  take  each  of  them  in  their  turn.  After  describing  each  of  the  components,  we  will  combine  them  to  bring  about  a 

comprehensive  analysis.  ..  .  i.  c. 

One  of  the  main  driving  threads  that  has  motivated  this  paper  is  the  concept  that  most  authors  have  begun  from  a 
basic  premise  that  light  passing  through  the  fiber  is  a  standing  wave  phenomena.  This  is,  fundamentolly,  not  tme.  As  Ae 
analysis  will  demonstrate,  the  fiber,  because  of  the  technique  of  cooling  provides  that  the  fiber  is  marginally  bi-refringent.  As 
such,  the  fiber  will  display  some  modicum  of  crystal  structure,  however  small,  and  will  provide  a  difference  in  index  not  only 
procroding  from  center  to  edge;  but,  around  the  circumference  at  each  radial  node.  More  importantly,  because  the  analysis  is 
ideal,  and  therefore,  symmetrical,  it  violates  the  most  basic  of  concepts,  “.  .  .  mother  nature  is  never  that  uniform. 
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Oonsc<]ucntly,  the  fiber  will  reflect  an  ellipsoidal  rotary  power,  i.  e.,  angular  momentum,  not  a  standing  wave 
[5].[6],[7],[8] 

phenomena.  Nor  does  the  light  lend  itself  to  such  an  analysis.  The  fiber  must  be  evaluated  as  a  bi-refringent 

material ,  or  crystal  if  you  will. 

Analysis 

The  first  component  of  the  analysis  will  be  to  determine  a  heat  transfer  coefficient  for  a  heated  round  element  that  is 
horizontal  and  rotating,  giving  up  heat  to  forced  air  cooling  at  the  surrounding  environment.  One  may  evaluate  the  heat 

[9],[10],[11] 

transfer  coefficient  from  the  following  equation  for  the  stagnation  boundary 

-  (1) 


where; 


Voo  —  Velocity  of  air  impinging  on  the  fiber, - r- 

seconds 

Do  =  Diameter  of  the  fiber,  cm 

V  =  The  viscosity  of  the  air  at  the  average  temperature  between  the  surface  of 


cm 

the  fiber  and  the  incoming  air, 


=  Thermal  conductivity  of  air  at  the  average  temperature. 

W 

=  Stagnation  Point  Heat  Transfer  Coefficient,  — r - 


cm  -  °C 


cm  *  ®C 

If  we  use  an  average  temperature  of  1350°C  between  the  incoming  air  and  the  surface  of  the  Si02  at  melt  we  would 

•4  [10] 

Dq  =  Diameter  of  the  fiber,  cm  =5.0(10  )  cm 

V  =  The  viscosity  of  the  air  at  the  average  temperature  between  the  surface  of 

2  2 
cm  cm  [1^1 

the  fiber  and  the  incoming  air, -  =  3.1493  - — 


=  Thermal  conductivity  of  air  at  the  average  temperature. 

'5  [10] 

=  3.124(10  ) - 

cm  -  °C 


cm  - 


Based  on  these  values  at  a  velocity  (Voc)  of  162,  of  air  coming  in  at  21  °C,we  would  have  a  heat 

W 

transfer  coefficient  of  0.01  — ^ -  .  We  will  assume  that  the  air  velocity  is  rotated  around  the  fiber  diameter  to  insure 

cm  -  °C 

that  there  is  an  even  heat  transfer  coefficient  from  the  fiber  diameter.  For  the  purpose  of  this  analysis,  we  will  assume  that 
there  is  forced  convection  cooling  over  the  outside  of  the  fiber  glass  coming  out  of  the  die.  For  this  discussion  we  will 

W 

assume  that  the  heat  transfer  coefficient  is  on  the  order  of  0.01  — — -  .  We  will,  however,  also  present  an  evaluation 

cm  -  ®C 
W 

for  a  heat  transfer  coefficient  of  0.001  — ^ -  for  a  comparison.  The  next  constituent  that  we  need  to  undertake  is  the 

cm  -  ®C 

transient  heat  transfer  and  subsequent  gradient  through  the  optical  fiber  as  a  function  of  time.  In  order  to  accomplish  this  task 

[12],[13],[14] 

we  will  use  the  following  Palmer  Transform,  such  that, 


assume  that  the  heat  transfer  coefficient  is  on  the  order  of  0.01  • 


for  a  heat  transfer  coefficient  of  0.001  - 
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(2) 
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Convoluted  Transform  ,  for  Rj  =  0 

For  Cooling  of  the  Center  of  a  Cylindrical  Temperature  Source,  the  Transform  would  be; 

V<t'=0- 

AT{h.^-^ . 

0  0  0  r  r 

ATr„  =  Ro  *Tlc  *  At  ‘At  *  -y - == - 

A» 

At  t  V  a 


and  de-convoiuted  would  be, 
A  CT,  r 


at,.  {,.0 .  .,.0] 

yja  K  (Xo  -  X) 

xerf[ - ^ .  ]]}- {2(^x7  -yj  to  -  X  ) 

2  V  a  (‘W  Xo  -  V  Xo  -  X  ) 


/  ^0 _ \ 

^e'^4a(xo-x)^  }  {erfc[^^  ]  -  {e 

2*Voc*t 

X  erfc[ - - —  +  He  Va*x  ]  }  } 

2*yja*x 


(Hc  a  (  Xo  -  X  )  +  Hc*Ro  ) 


Another  technique  for  finding  the  temperature  at  the  center  of  a  cylinder  is  found  from. 


[13].[16],[17] 


R  2 

ATr<,  =  At-{-— - ^  -  .  [^-^2 - ^  ]} 

y/n  a  *  {yj  Xq  -  yj  ‘  )  T  8  a  (  Tq  -  t  ) 

2 

r  r  Ro  -1  r  (He  a(Xo-T)  +  Hc*Ro)  ,  R^  - - 


r  r  iVo  nr  -v  \  VO  w  y  ,  x^C  ^^o  /  r  Kq  m  -» 

X  {erc[ - =r  J  -  {e  erfc[ - =r  +HcVa*x  ]}} 

2*ya*x  2*ya*x 

In  order  to  assist  in  this  particular  calculation,  we  have  tabulated  some  of  the  values  based  on  those  taken  from 
reference[13]  and  included  some  of  reference[17]. 
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2 

( - - -  ) 

'  8  a  (  To  -  X  ) 

4 

4 

-6 

3 

ll*(10  )l 

1  1.2533(10  ) 

1  940.11 

I 

-5  [13] 

1  297.289 1 

ll*(10  )lref 

1  396.333 

-4 

1  94.0111 

ll*(10  )l 

1  125.333 

-3 

ll*(10  )1 

1  39.515 

1  29.6399 

1 

-2 

ll*(10  )l 

1  12.4084 

1  9.3081 

1(0.10)  1 

1  3.5862 

1  2.69  1 

1(0.20)  1 

1  2.2945 

1  1.8781 

[17] 

1  1.4481 

1(0.30)  Iref 

1  1.6952 

1(0.40)  1 

1  1.3283 

1  1.1651 

1 

1 

1(0.50)  1 

1  1.0750 

1  0.9603 

1(0.60)  1 

1  0.8879 

1  0.8039 

1 

1 

1(0.70)  1 

1  0.74388 

1  0.6806 

1 

[17] 

1  0.5809 

1(0.80)  Iref 

1  0.62962 

1 

1(0.90)  1 

1  0.53712 

1  0.4989 

1 

1(1.00)  1 

1  0.46107 

1  0.4307 

Now  that  we  know  how  to  calculate  the  temperature  through  the  cylindrical  fiber,  we  now  need  to  find  the  diffusion 

[18], [19] 

and  motility  of  the  dopant  in  the  Si02.  The  most  common  dopant  that  is  used  in  optical  fiber  is  Ge02  .  Murata 


[18] 

gives  one  the  better  overview  of  the  various  techniques  for  the  manufacture  of  optical  fiber.  He  basically  describes 
chemistry  of  the  different  processes,  i.e.,  MCVD,PCVD,PMCVD,  et  al.,  and  the  deposition  of  the  Ge02  into  the  inside  of 
Si02  tube  where  this  becomes  what  is  called  the  preform  rod  which  is  subsequently  placed  into  a  furnace  at  2100°C  to  2500 

[18] 

°C  in  preparation  to  collapse  and  drawing  .  Based  upon  the  descriptions  by  Murata,  one  may  make  a  boundary  condition 
that  the  Ge02  is  uniformly  distributed  through  the  core  of  the  fiber  as  it  is  passing  through  the  ftimace.  Under  that 
assumption,  one  needs  to  look  at  the  redistribution  of  the  Ge02  as  a  function  of  time  and  temperature  in  the  fiber  as  it  passes 
through  the  furnace  and  subsequently  is  cooled  and  inspected  antecedent  to  spooling  on  the  mandrel. 
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Using  this  boundary  condition,  one  can  detennine  the  diffusion  and  motility  of  the  Ge02  in  the  furnace  and 
subsequent  cooling.  We  can  begin  by  outlining  the  basic  expression  for  finding  the  coefficient  of  diffiisivity  of  Ge02  in 

[19],[20],[21] 

Si02.  In  order  to  facilitate  this  process  we  will  use  the  Wilke-Chang  correlation  coupled  with  the  Sitaraman- 

[22] 

Ibrahim-Kuloor  empirical  correlation  such  that, 


[0] 

D  12 


_ _  0.3333 

-8  -v^*AHb2  T 
=  5.4(10  ^ - 


PL  yfh  AHbi 


0,30 


0.93 

} 


(5) 


where; 


M2  =  Molecular  weight  of  Ge02 


V 1  =  Molecular  volume  of  Si02, 


T 


cm 

gram 


AHbi  =  Latent  heat  evaporation  of  Si02, 


=  30.3463 


calories  f23].[24] 
gram 


calories 

gram 


AH52  =  Latent  heat  evaporation  of  Ge02, 


=  34.321 


calories  [23],[24] 
gram 


calories 

gram 


=  First  order  viscosity  of  the  Si02,  centipoises 
=  Temperature  under  evaluation,  ®K 


The  value  of  \i\  can  be  determined  using  the  Chapman-Enskog  Theorem  inclusive  of  the  Collision  Integral 
Such  that, 


[21],[22] 


where; 


-3 

=  2.669(10  )*• 


VMi  t 
2 

a  *£2v 


Ml 


M2 


a 


No 

Vlb 


=  Molecular  weight  of  Si02 
[23],[24] 

=  60.06 

=  Molecular  weight  of  Ge02 
[23],[24] 

=  104.60 

=  Hard  sphere  diameter,  A 

-2  Vi*3  0.33333  -2  0.333333 

=  10  *l(  2  7j  N  or  one  can  use  1.18(10  )*Vib 

=  5.968  A  Note;  This  value  changes  with  each  different  Vi  value. 

23 

=  6.02(10  )  Avogardro’s  Number 
60  06 . 

gram  mole  2863°K 
2.2  294.15“K 

grams 
3 

cm 


(6) 
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3 


=  268.103  —  , 

gram-mole 

[23], [24] 

Tb  =  Boiling  temperature  of  Si02  is  2590°C  or  2863  ’K 

[23].[24] 

Tni  =  Melting  Temperature  of  Si02  is  1727  ®C  or  200 1'K 

[23].[24] 

Tm  =  Melting  Temperature  of  Ge02  is  1 1  IS'C  or  1388°K 

1.03  [23], [24] 

Tc  =  Critical  Temperature  of  Si02  is  1.47*  Tb 
=  5343.715‘’K 

^  Tb  [23],[24] 

and  T*  =  1.33*  (=—  ) 

t  c 

=  0.7125 

10  [23],[24] 

“  0.697*(1.0  +  0.323*ln(T*)) 

=  1.6111 

From  Eq.  (6),  then,  we  can  find  the  first  component  of  the  final  equation,  so  that, 

-3  yjMi  T 

m  =2.669(10  )*^^ 

a  *av 

-2 

=  1.9369(10  )  centipoise  @  2863  °K 


The  viscosity  of  the  Liquid  Si02  follows  fi-om, 


[25],[26],[27],[28] 


.AHbi 

V  T  ^ 


=  Rl  e  ‘  @  T=  2863 

.  30.3463x 

=  1.9369(10  )e^ 

-2 

=  1.9575(10  )  centipoise 
and  now  we  can  solve  Eq.  (5)y  so  that, 

0.3333 

[0]  -8  V^*AHb2  T  ,0.93 

D  12  =5.4(10  )*[-^ - ^  } 

ItL  AHbi 

, -  0.3333 

tO]  . V104.6*34.321  2863 

D  12  =5.4(10  )*{ - 5 — 


-2  , -  0.30 

1.9575(10  )V268. 103  30.3463 
2 


D  12  =2.561(10  ) 


second 


@  2863  °K 


To  save  the  reader  a  lot  of  work,  we  have  built  a  second  order  polynomial  that  will  provide  the  value  of  D  12  as  a 
function  of  T  °K  from  2863.15°K  to  1388.15  °K. 


[0]  -4  -7  -11  2 

D  12  =6.34007(10  >  +  7.543905(10  )  T  -  2.854592  (10  )T 
We  must  first  calculate  the  temperature  gradient  as  a  function  of  heating  and  cooling  time  and  then  we  must 
discretize  the  diffusion  from  each  of  the  radii  to  the  adjoining  cooler  radii  that  have  not  achieved  solidus  within  the  range  of 
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the  Ge02  material  that  is  locked  into  the  Si02.melt,  i.e.,  temperatures  of  the  Si02  greater  than  1115  °C.  Again,  we  are 
assuming  that  the  Ge02  is  uniformly  distributed  in  the  preform  and  subsequent  collapse  into  the  fiber  when  going  through 
the  furnace  and  the  concomitant  motility  of  the  Ge02  to  the  cold  wall  when  cooling,  coming  out  of  the  furnace. 


The  diffusion  may  follow  the  equation  below,  so  that. 


[16],[25],[26] 


(9) 


and, 


(10) 


c  1,2,3.  .  . 


where; 

Co  =  Initial  concentration  of  Ge02 

C  1,2,3.  .  .  =  Concentration  of  Ge02  along  the  radius  leading  from  center 

to  the  edge. 

However,  when  one  is  discritizing  over  a  very  short  distance,  it  is  possible  to  use  Equation  (11)  without  too  much 
[16],[25],[26] 

fear  of  inaccuracy,  i.e., 


(11) 

_  Ry  -  Ri 

c  1,2,3.  .  .  =  Co  erf  [( - pr!:":' '-Tr'  )] 

.  /[O] 

2*  V  D  12*(Xo-t) 


Essentially,  then,  the  chemistry  for  the  inner  core  of  the  optical  fiber  glass  is  determined  by  using  the  inside  diameter 
of  a  preform  as  reaction  chamber  of  flowing  gas  with  the  appropriate  constituents  in  order  to  deposit  on  the  inside  radius  of 
the  preform  the  required  chemistry  for  the  refractive  indices  that  are  required.  Figures  (1)  ,(2)  and  (3)  give  an  idea  of  how  this 

[18],[29] 

process  is  undertaken.  Additionally,  Nakahara  suggests  that  there  are  some  additional  chemistries  that  are  often  used 

[24] 

in  the  reactor  formulation,  e.  g.,  P2O5  and  B2O3.  B2O5  requires  a  minimum  temperature  for  vaporization  of  1773.15  °K 

[23] 

and  P2O5  melts  at  846.15  °K  .  In  the  one  case,  the  cooling  process  will  permit  a  substantial  motility  with  diffusion  from 
the  center  to  the  outer  radial  boundary,  something  substantially  larger  than  Ge02.  In  the  second  case,  the  motility  with 
diffusion  will  be  somewhat  less  than  Ge02. 

Based  on  the  equations  shown  above,  we  have  calculated  both  the  temperature  gradient  and  diffusion  gradient  for  a 
preform  that  is  reduced  to  a  fiber  coming  through  the  furnace  and  subsequent  cooling.  Using  a  film  coefficient  of  0.01 
W 

— ^ -  and  the  diffusion  of  the  Ge02  in  the  Si02  we  find  from  Figures  (4)  and  (5)  that  the  radial  diffusion 

cm  -  °C 

concentration  from  center  to  edge  over  a  span  of  time  of  0.07  seconds  of  cooling  will  provide,  from  the  Lazor  Code  the 
value  shown  in  Table  L 


Using  the  Sellmeier  Equation  we  can  look  at  the  gradient  of  the  optical  index  for  a  3.1-mol%  doping,  i.e.. 


[18],[30] 


a2*A.  a3*A, 


2  2  2 

(X  -bi)  (X  -b2)  (X  -b3) 


]-  1.0 
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where; 


for  3.1%-Mole 


X  =  wavelength,  1.55 

ai  =  (0.7028554  -  0.6961663)*M  +  0.6961663 

a2  =  (0.4146307  -  0.4079426)*M  +  0.4079426 

as  =  (0.8974540  -  0.8974994)*M  +  0.8974994 

bi  =  (0.00529581  -  0.004679 148)*M  +  0.004679148 
b2  =  (0.01351206  -  0.01306644)*M  +  0.01306644 

bs  =  97.934 

for  7.9%— Mole 

X;  =  wavelength,  1.55 

ai  =  (0.7136824  -  0.6961663)*M  +  0.6961663 

a2  =  (0.4254807  -  0.4079426)*M  +  0.4079426 

as  =  (0.8964226  -  0.8974994)*M  +  0.8974994 

bi  =  (0.003803952  -  0.004679 148)*M  +  0.004679148 
b2  =  (0.01 1614969  -  0.01306644)*M  +  0.01306644 

bs  =  97.934 

M  =  The  value  shown  in  the  column  for  each  radius  as  a  function  of  run  time. 


Based  on  this  equation,  we  find  that  the  index  of  refraction  at  the  center  is  on  the  order  of  1 .443  and  at  the  outer  radial 
wall  is  1.4457.  We  have  plotted  the  gradient  in  Figure  (6).  One  finds  from  this  plot  that  the  distribution  looks  more  like  a 
Lorentz  than  a  Gaussian  distribution.  At  this  point  we  need  to  evaluate  the  commensurate  imaginary  part  of  the  optical  index 
and  the  total  loss  per  meter  that  attends  the  gradient  of  the  index.  The  total  loss  of  the  fiber  per  unit  distance  follows 
[18L131] 

from, 

{12) 

oc  =  +B  +  C(X)  +  ocirCX)  +  auv(^) 

X 


where; 

A  =  Coefficient  of  Rayleigh  scattering  loss 
B  =  Loss  due  to  waveguide  imperfection 

C(X)  =  Loss  caused  by  impurities 
ttiR  =  Loss  due  to  infrared  absorption 
auv  =  Loss  due  to  ultraviolet  absorption 
a  =  Total  loss  of  the  fiber 


It  is  estimated  that  the  minimum  value  of  A  for  Si02  fiber  is  on  the  order  of  0.65 
is  on  the  order  of  .  We  can  convert  this  to  a  standard  optical  loss,  such  that. 


[18],[31],[32],[33] 


km 


The  best  values  for  a 


im 


0.157/10) 


a 


=  10 


^  1.0368 
~  km 
[34], [35] 

However,  Wooten  and  others 


-3 

1.0368(10  ) 
meter 

suggest  that  the  value  of  a  should  be  more  on  the  order  of 


-3 

1-41(10  )  for  Si02  at  1.55ix.  In  order  to  be  the  most  conservative  we  will  use  the  value  suggested  by  Wooten,  et.  ai 
meter 

Since  the  k  and  a  are  relative  for  this  analysis  the  precision  is  not  required.  However,  as  a  user  of  fiber,  one  would  very  much 
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like  to  have  a  fiber  that  had 


0,157  dB 
km 


relate  that  to  the  real  part  of  the  optical  index,  i.e., 

a  X 


.  At  this  point,  then,  we  can  calculate  the  imaginary  part  of  the  optical  index  and 
[34], [35] 


and 


where; 


c 

C 


4*  n 


4*  n 


(14) 


(15) 


n*C 


=  4.870792(10  ) 


meters 


8 

=  3(10  ) 


second 

n  =  Real  part  of  the  optical  index 

We  have  plotted  the  values  as  a  function  of  the  diffusion  and  index  gradient  relating  to  the  temperature  gradient  in 
Figures  (7.0)  and  (8.0),  using  the  values  from  Table  (I). 


Conclusion 


The  foregoing  analysis  would  lead  one  to  believe  that  the  index  shape  going  down  the  fiber  is  clearly  not  a  parabola, 
truncated  or  otherwise.  The  shape  of  the  curve  clearly  outlines  a  Lorentz  type  of  curve.  Additionally,  it  becomes  clear  that  the  fiber  is 
mildly  birefringent  and,  as  a  consequence,  does  not  allow  for  a  treatment  of  a  standing  wave  to  describe  the  physics  of  propagation. 
Rather,  it  seems  clear  that  the  fiber  will  be  circular  polarized  and  will  support  a  substantial  number  of  Laguerre  orders  propagating 
from  the  modulator  under  the  condition  of  Optical  Refractive  Synchronization. 
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Ge02  In  Si02  Solvent 
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Figure  1.0 


OVD  Method  For  Implating  Chemistry  Reaction  And  Fiber  Forming 
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Figure  2.0 


PCVD  Method  For  Implating  Chemistry  Reaction  And  Fiber  Forming 


Preform  Rod 


Fiber  Drawing 


Time  Temperature  History  For  Ge02  Doped  Si02  5  Micron  Diameter  Fiber 


Temperature  Gradient  Along  The  Cylindrical  Radius 
As  A  Function  Of  Time 


Concentration  Distribution  of  Ge02  For  Run  Time  And  Temperature  Distribution 
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Diffusion  Gradient  As  A  Function  Of  Radius  And  Time 


Lorentizan  Geometry 


Index  Gradient  As  A  Function  Of  Radius  -  3.1  %  And  7.9%  -Mole 


Lorentizan  Geometry 


Imaginary  Part  Of  The  Optical  Index 
Extinction  Coefficient 


Lorentizan  Geometry 


Attenuation  Coefficient 


Considerations  on  joined  optical  channels 


George  Copot*,  Rodica  Copot 
Institute  of  Optoelectronics,  Magurele  -  Bucharest 


ABSTRACT 

In  many  opto-electronical  apparatuses  it  is  necessary  to  overlap  two  or  more  optical  images  on  the  same  image  plane.  For 
apparatusis  having  similar  optical  scheme,  such  a  problem  means  different  optical  path  and  components  for  subassembhes 
with  cimilar  function.  For  each  application,  there  are  designed  specific  optical  channels  using  smiilar  optical  elements  to 
project  rimilar  objects,  which  differ  in  shape  and  size.  Hence  such  devices  have  many  disadvantages  and  basically  they  ^ 
not  interchangeable.  That  is  why  it  is  veiy  important  to  find  new  methods  to  join  optical  channels  and  the  paper  presents  the 
results  of  the  studies  we  have  made  in  this  direction. 

Keywords:  optical  system,  optical  channel,  ni^t  aiming  device,  aiming  graticule,  elevation  angle 

1.  INTRODUCTION 

It  is  well-known  that  the  design  of  the  aiming  graticule  for  the  ni^  aiming  devices  imphes  optical  systems  tMt  are 
inriiirfpiH  into  the  device  construction.  These  subassemblies  inject  gradet  scales  with  the  proper  elevation  angles  according  to 
the  ^s  of  munition  that  are  being  used  and  they  use  more  optical  paths,  one  for  each  projected  element.  These  optical 
paths  are  combined  by  at  least  two  beamsplitters. 

There  is  not  an  independent  module  that  settles  the  matter  and  that  could  be  used  for  varied  types  of  weapons  and  munition. 

2.  PRESENTATION  OF  THE  MODULE 

We  have  had  to  design  a  module  for  the  aiming  graticules  injection  for  various  night  aiming  devices.  We  have  had  to  take 
into  consideration  the  following  constituent  assemblies; 

-  aiming  graticule  -  angular  scale  assembly  with  afferent  acting  device; 

-  objectives  assembly; 

-  beam  splitter  assembly; 

-  mobile  mirror  assembly  with  afferent  acting  device; 

-  fixed  mirror  assembly;  .  • 

-  general  fiame  of  the  module  provided  with  a  device  for  placing  and  centering  on  the  ni^t  sight  apparatus. 

The  design  is  described  as  it  follows  according  with  Figure  1  (isometric  projection  of  the  module  with  sections  to  e^lrasize 
the  main  assemblies)  and  Figure  2  (optical  scheme  of  the  module  containing  the  illustration  of  the  manner  of  combination  of 
the  optical  paths  and  of  the  way  the  image  is  obtained).* 

The  module  consists  from  an  aiming  graticule  -  an^e  scale  assembly  (1),  an  objective  assembly  (2),  an  opti(^  beam  splitter 
assembly  and  a  fixed  mirror  assembly  (4),  all  four  being  positioned  inside  a  frame  (6)  which  is  equipped  with  a  cylindrical 
surface  (a)  for  positioning  and  centring  the  modide  on  the  aiming  device  it  is  attached  to  as  well  as  with  several  passing 
wholes  (b)  for  fixing.  On  the  frame  there  are  also  two  mechanisms:  one  for  operating  the  aiming  graticule  (7)  and  the  other 
for  operating  the  mobile  mirror  (8). 


*Correspondence;  Eniail;gcopot@k.ro;  Telephone;  401 780  6640;  Fax;  401  423  2532 
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The  aiming  graticule  -  angle  scale  assembly  contains  the  support  (9)  to  which  a  scale  graticule  (10)  with  engraved  an^e 
marks  is  fixed.  The  assembly  also  sustains  and  guides  the  movement  of  an  aiming  graticule  (11)  which  is  fixed  into  a 
mounting  (12)  together  with  the  light  emitting  diodes  (13)  which  ensure  the  listening  of  the  marks  engraved  on  the 
graticules.  The  position  of  the  aiming  graticule  towards  the  scale  graticule  results  from  the  position  of  a  lever  (14)  which  is 
operated  by  a  peg  (15)  that  belongs  to  the  aiming  graticule  operating  mechanism  and  is  operated  by  the  shooter  using  a 
button  (16).  The  aiming  graticule  is  positioned  nearly  the  scale  graticule  so  that  the  engraved  naarks  (transparent  marks  on  a 
dark  background)  on  the  two  glass  plates  ^ould  overlap  in  the  image  plane.  A  transparent  window  engraved  on  the  aiming 
graticule  permits  the  partial  display  of  the  angular  scale  and  the  change  of  the  place  of  the  aiming  graticule  when  pushing 
OiQ  button  (16)  permits  the  display  only  of  the  zone  belonging  to  the  neighbourhood  of  the  adjusted  elevating  angle. 

The  objective  assembly  contains:  a  90°deviation  prism  (17);  an  objective  (18)  for  the  injection  of  the  aiming  graticule  and  of 
the  angular  scale;  a  subassembly  with  display  elements  (19)  which  consist  of  two  groupes  of  numeric  display  boards  with  4 
digits  each  and  also  of  a  light  emitting  diode  (21);  a  mark  assembly  for  the  laser  rangefinder  (22)  which  contains  a  target 
positioning  graticule  (23)  and  a  li^t  emitting  diode  (24),  a  90°deviation  prism  (25),  an  objective  (26)  for  the  projection  of 
both  numeric  display  boards  and  the  positioning  graticule. 

The  mobile  mirror  assembly  consists  of:  a  mirror  (27)  fixed  to  an  elastic  support  (28)  so  that  the  mirror  can  oscillate  on  two 
axes,  a  lever  (29)  with  two  surfaces  (c)  and  (d)  where  two  adjusting  mechanisms  (30)  and  (31)  belonging  to  the  (8) 
assembly,  are  operating. 

The  (32)  mirror  of  the  fixed  mirror  assembly  deviates  the  A  beam  from  the  numeric  display  boards  towards  the  (25)  prism. 
After  a  new  deviation  in  a  perpendicular  plane  on  the  first  one,  the  beam  is  directed  to  (26)  objective.  The  (27)  mobile 
mirror  deviates  the  B  beam  from  the  positioning  graticule  towards  the  (25)  prism  and  (26)  objective.  In  this  way  the  first 
joining  up  of  two  beams  is  obtained  without  radiant  energy  losses. 

The  emergent  beams  from  (26)  objective.  A’  and  B’,  are  reflected  by  the  (e)  surface  of  the  (33)  beamsplitter  and  are  directed 
towards  the  image  plane. 

The  C  beam  is  deviated  by  the  (17)  prism,  then  it  passes  the  (18)  objective,  it  is  deviated  again  and  it  passes  the  (e)  sur&ce 
and  it  is  directed  towards  the  same  image  plane,  as  C’  beam. 

Adjusting  of  the  relative  position  of  the  projected  images,  their  centring  in  the  field  of  view  are  achieved  by  the  translation 
and  the  rotation  of  the  (3)  beam  splitter  and  the  rotation  of  the  (27)  mobile  mirror.  Focusing  in  the  same  plane  of  all  the 
images  is  made  by  the  axial  moving  of  the  (18)  and  (26)  objectives  and  of  the  mark  assembly  of  the  laser  rangefinder. 

The  aiming  graticule  assembly  was  carried  out  in  a  compact  and  miniatural  construction  as  it  is  shown  in  Figure  3.  The 
overall  dimensions  of  the  module  are  170  x  95  x  60  mm. 

The  attachement  of  this  modular  configuration  at  the  ocular  assembly  of  a  night  aiming  si^t  was  made  with  mitiiiTinTn 
adaptations  of  the  existing  device.  It  was  obtained  the  assembly  that  is  shown  in  Figure  4. 

3,  CONCLUSIONS 

The  module  for  the  injection  of  aiming  graticules  has  the  following  advantages: 

-  it  can  be  attached  to  already  existent  aiming  devices  or  included  into  the  construction  of  new  ones; 

-  it  uses  a  single  angular  scale  of  elevation  and  displays  a  limited  number  of  marks  those  in  close  proximity  of  the  selected 
angle; 

-  it  permits  the  simultaneous  display  of  all  signs  and  entire  information,  but  it  also  allows  the  selection  of  the  necessary 
signs  and  amounts  of  information  according  to  a  previously  defined  manner  of  use. 
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Thermovision  used  for  determination  of  thermal  losses 
in  thermoelectric  plants 

Rovena  Pascu*,  Alexandra  Caramizoiu 

Institute  of  Optoelectronics#  76900,  111  Atomistilor  Str.,  Bucharest,  Romania 


ABSTRACT 

Thermographic  methods  and  equipment  are  very  useful  in  detecting  energy  losses  by  heat  emission  in  thermoelectric  plants; 
these  methods  allow  the  predictive  maintenance  of  such  plants  and  ensure  a  diminution  of  operating  costs.  Classical 
methods  for  determination  of  warmer  spots  and  areas  (into  which  the  heat  exchange  between  the  object  and  environment 
exceeded  the  admissible  values)  are  inefficient  and  sometimes  impossible  to  achieve,  especially  in  the  case  of  large  plants. 
A  global  analysis  of  the  areas  into  which  can  appear  heat  leakage  was  carried  out  using  thermography,  the  method  being 
independent  from  the  complexity  and  the  placing  of  plants.  The  method  of  thermography  allows  an  easy  location  of  these 
thermal  losses  and  their  qualitative  estimation.  Experiments  were  carried  out  using  the  LORIS  thermovision  equipment.  The 
thermal  images  were  processed  dedicated  software,  ThermaGRAM  for  Windows  95.  Some  relevant  thermal  images 
presented  in  this  paper,  also. 

Keywords:  thermovision,  thermoelectric  and  electric  plants 

1.  INTRODUCTION 

Every  object  from  the  nature  emits  what  is  usually  called  thermal  radiation,  which  mainly  consists  on  electromagnetic 
radiation  emitted  during  the  transmission  between  rotational  and  vibration  levels  and,  in  particular,  on  electromagnetic 
thermal  radiation  reflected  by  the  object  and  emitted  by  other  thermal  sources. 

The  image  obtained  from  the  information  contained  in  a  IR  band  of  the  electromagnetic  spectrum  is  generated  and  contains 
data  about  the  temperature  of  the  surface  of  objects.  The  common  action  of  the  temperature  and  the  characteristics  of 
reflection  and  emission  of  the  surveyed  objects  from  the  field  of  view  can  be  modelled  in  terms  of  an  equivalent  temperature 
of  these  objects.  At  such  a  ternperamre  the  measured  density  of  the  emitted  radiation  in  the  region  of  the  examined  element 
would  be  obtain,  if  the  object  would  be  an  absolutely  blackbody.  In  the  same  manner,  the  density  of  the  emitted  radiation, 
measured  by  taking  into  account  the  atmospheric  attenuation,  can  be  modelled  in  terms  of  an  a  apparent  temperature.  The 
apparent  temperature  has  a  smaller  value  than  the  calculated  equivalent  temperature. 

The  equipment'  that  can  offer  information  about  the  field  of  view  under  the  form  of  such  thermal  images  (thermal  maps)  is 
named  thermovision  equipment.  The  principle  of  obtaining  thermal  images  using  a  thermovision  equipment  operation  is  the 
following;  the  optical  system  focused  the  infrared  radiation  emitted  by  the  objects  in  the  field  of  view,  makes  its  spectral 
filtration°and  focused  it  on  the  system  of  detectors  (single  or  multiple  detectors  or  matrix  of  detectors).  The  scanning  system 
ensures  the  coverage  of  the  whole  image  by  the  detectors.  The  output  electrical  signals  of  the  detectors  are  then  amplified, 
multiplexed,  analog-to-digital  converted  and  reproduced  in  the  form  of  a  TV-compatible  image  displayed  on  usual  TV  or 
video  monitors.  The  contrast  of  image  and  the  brighmess  can  be  adjusted  in  order  to  have  a  thermal  image  looking  like  the 
corresponding  visible  image.  The  thermovisiofl  equipment  are  apparatus  that  use  a  high  technology;  they  have  high 
performances  in  the  field  of  measuring  the  ternperamre  and  emissivities,  and  are  very  expensive. 

The  problem  of  preventive  maintenance  and  non-destructive  control  by  monitoring  in  real  time  the  installations  and 
equipment  using  the  thermovision  method^  is  of  a  great  importance  for  a  large  number  of  industrial  branches  as:  metallurgy, 
chemical  industry,  machine  building  industry,  energy,  transportation  of  the  thermal  agents.  The  identification  in  due  time  of 
critical  points  of  the  installations  would  permit  to  the  companies  to  prevent  the  destroy  of  the  installations  and  of  course  to 
save  the  time  and  costs  required  by  repairing  of  such  installation. 
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2.  EXPERIMENTAL  EQUIPMENT  AND  SET-UP 


The  type  of  the  system  used  for  measuring  in  far  infrared  is  Thermoteknix  for  Microsoft  Windows  (ThermaGRAM),  which 
used  as  a  thermal  sensor  the  LORIS  equipment  made  by  Inframetrics. 

2.1.  Thermovision  equipment 

The  thermovision  system  LORIS  has  a  performpt  telescope  in  infrared  with  two  compatible  fields  of  view.  The  thermal 
sensor  and  the  telescope  are  integrated  into  a  Sealed  and  secured  casting.  The  video  signal  furnished  by  equipment  is 
according  TV  CCIR  625  standard  and  the  image  is  according  the  law  of  thermal  detectors  of  black-white  type.  The  thermal 
image  is  furnished  from  a  four  IR  detectors  group  of  CdHgTe  type;  this  type  of  detectors  can  ensure  the  operation  of  the 
equipment  in  the  8-12  pm  atmospheric  window.  The  detectors  are  cooled  to  -196  “C  (77  K)  using  a  miniatural  cooler 
heaving  as  a  working  agent  helium  in  close  circuit.  The  power  consumed  by  this  cooler  is  extremely  low  (under  3,5  W)  and 
this  allows  the  supply  of  whole  equipment  from  batteries.  One  scanner  in  two  axis  (the  device  of  tri-dimensional  scanning  of 
virtual  image)  and  the  electronic  blocks  that  generate  the  video  signal  using  the  output  signal  of  the  detectors  ensure  the 
obtaining  of  a  high  quality  signal  according  the  above  mentioned  TV  standard. 

A  very  important  facility  of  this  equipment  consists  on  the  possibility  of  direct  connection  with  a  PC  type  endowed  with  a 
board  of  a  ThermaGRAM  type  for  acquisition  and  quick  processing  of  thermal  images.  The  equipment  can  be  remote 
controlled  using  a  panel.  The  others  characteristics  are: 

-  fields  of  view:  T  x  5°,  2.3°  x  1.2°  plus  the  possibility  of  using  the  electrooptic  zoom 

and  optical  zoom  (x2,  x4) 

-  detectors:  4  detectors,  CdHgTe 

-  thermal  resolution  O.Ol  °  C 

-  domain  of  measured  object's  temperature:  -195  °C  - 100°  C  without  use  of  a  diaphragm  to  be  needed;  up  to 

1500°  C  with  a  diaphragm; 

-  cooling:  down  to  77  K;  miniaturised  criogenerator  (Stirling  cycle  with  He  as  a 

cooling  agent) 

-  controls  on  the  remote  control  panel;  polarity,  level  of  signal,  changing  the  field  of  view,  focusing 

2.2.  Thermoteknix  ThermaGRAM 

The  Thermoteknix  ThermaGRAM  consists  on^: 

2.2.1  Hardware 

Thermoteknix  GRAM  (or  ThermaGRAM)  is  a  board  for  real-time  processing  (subtract,  average,  filter,  etc)  of  the  thermal 
images.  It  has  a  high-precision  analogue-digital  converter,  a  12-bits  input  and  an  electronic  digital  PLL  that  ensures  video 
synchronization  without  a  jitter  and  with  a  high  tolerance  to  signal  variations  induced  by  analogue  recording  media  (VCRs). 
The  use  of  average  is  a  very  important  feature  for  images  with  analogue  input,  because  it  allows  reducing  the  noise  level  in 
the  signal.  The  programmable  amplification  and  the  control  over  the  offset  ensure  obtaining  precise  and  real-time 
measurements  of  the  input  video  signal. 

2.2.2  Software 

ThermaGRAM  for  Windows  is  a  sophisticated  software  for  acquisition  and  analysis  of  thermal  images.  The  acquired 
images  can  be  loaded  in  files  or  can  be  visualised  ("live")  on  the  computer's  monitor  by  connecting  a  video  camera  or  a 
VCR.  The  "live"  images  can  be  "frozen"  and  saved  on  the  disk.  An  "incremental  save"  command  allows  to  the  user  to  easily 
successively  save  the  images  under  some  filenames  that  can  suggest  the  fact  that  these  files  represent  different  moments  of 
the  same  process,  registered  by  sampling.  The  modernised  GRAM  board  allows  to  "live"  acquire  and  save  a  set  of  images  at 
two  seconds  intervals.  The  successive  files  obtained  using  one  of  these  methods  can  be  automatically  loaded  in  a  Windows 
"super-image",  in  order  to  be  analysed  afterwards  using  some  pre-established  procedures. 

The  thermal  images  loaded  in  files  can  be  visualised  using  a  large  scale  of  various  pseudo-colour  palettes;  for  every  palette, 
the  temperature  interval  can  be  manually  changed  or  optimised  by  the  computer. 
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The  analysis  possibilities  are  the  followings: 

•  Displaying  punctual  temperatures  (at  a  pixels  level); 

•  Tracing  isothermes  for  individualising  with  a  specific  colour  band  the  portions  from  the  images  that  have  a  temperature 
within  a  specific  interval; 

•  Tracing  contours  that  can  be  used  afterwards  as  graphic  entities  ("objects”)  for  establishing  the  "intervals  dividers"  (as 
means  of  display  the  minimum,  maximum  and  median  temperature  along  a  line)  or  for  tracing  temperature  profiles  along 
a  line  in  a  distinct  graphic  window; 

•  Tracing  temperature  profiles  over  the  displayed  image; 

•  Tracing  rectangular,  elliptic  and  polygonal  contours  that  can  be  used  afterwards  as  "objects"  for  displaying  the 
minimum,  maximum  and  mean  temperatures  in  a  specific  region,  using  histograms; 

•  Displaying  the  differences  between  temperatures  using  various  other  means; 

•  Using  labels  for  identification  of  "objects",  etc. 

2.3  Experimental  set-up 

Using  the  LORIS  thermovision  equipment,  experiments  were  done  at  CET-Vest  Bucharest.  The  equipment,  controlled  by 

the  controlling  panel,  was  connected  to  a  VCR  and  a  PC.  The  thermal  images  registered  using  the  LORIS  equipment  (for  the 

8-14  pm)  were  visualised  in  real-time  on  the  computer's  monitor  and  saved  on  the  videotape.  The  images  were  processed 

using  the  dedicated  software. 


3.  EXPERIMENTAL  RESULTS 

The  results  are  presented  in  the  form  of  processed  thermal  black  and  white  images.  Using  thermovision  technique,  point  or 
regions  of  the  installations  warmer  than  normal  could  be  identified. 


Fig.l  Steam  turbine.  The  standard  breakage,  corrosion  or  a  poor  connection  can  lead  to  a  modification 

in  thermal  radiation  emission 
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Fig.6  Early  stage  of  processing  a  thermal  image  of  the  steam  transport  pipes 
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ABSTRACT 

In  view  of  the  inrjY»a«!flH  need  of  an  effective,  practical  and  unified  test  set  to  evaluate  the  modeling  capabilities  (and 
ultimately  the  trustworthiness)  of  beam  propagation  method  (BPM)  based  proems,  we  popose  a  incipient  set  of  tests  to  be 
used  for  a  standard  evaluation.  The  poposed  tests  have  been  chosen  to  be  simple,  ea^  to  implement  and  enable  a  feirly 
good  (althou#  not  complete)  evaluation  without  the  need  of  any  e^riment  Interesting  aspects  of  the  tests’  results  and 
some  straightforward,  pactical  criteria  to  estimate  pogram  c^iabilities  and  to  tune  the  simulation  parameters  are  pesented. 
A  cross-checking  between  ‘Mode  Solver’  (MS)  based  and  BPM  based  programs  is  also  put  into  discussion.  A  paraxial  error 
evaluation  method  is  pesented  and  the  transverse  mesh  influence  on  the  paraxial  error  is  analyzed. 

1.  INTRODUCTION 

Besides  the  mmmfirrial  software  packages  using  ‘Beam  ftopagation  Method’  (BPM)  variants  there  are  many  literature 
reports  presenting  impovements  on  BPM  all  the  time  ^  While  the  authors  choose  their  examid^  to  illustrate  the 
advantages  of  their  BPM  tools  the  potential  users  are  almost  never  able  to  make  a  consistent  comparison  based  on  the 
difiererrt  examines.  Furthermore  the  various  criteria  for  BPM  pogram  evaluation  are  frequently  either  formal,  abstract  ones 
-  difficult  to  connaa  to  a  real  poblem  -  or  impractical  -  pesuming  laborious  theoretical  investigations.  In  the  me^time 
only  a  few  comparative  analysis  (mostly  for  particular  devices)  for  several  BPM  implementatrons  have  been  reprted  ’  and 
no  standard  benchmark  test  has  emerged  for  a  unified  evaluatiort  In  line  of  the  development  of  a  standard  benchmark  test 
for  BPM  based  pograms  we  propse  some  simple  and  effective  tests  :  homogenous  space  popagation,  eigenmode 
propagation  in  monomode  and  multimode  waveguides  and  eigenmode  selection  through  popagation  of  an  arbitrary 
injection.  The  propsed  tests  have  been  chosen  because  they  are  simple,  easy  to  implement  and  en^le  a  fairly  good 
evaluation  without  the  need  of  any  exprimeP. 

2.  BEAM  PROPAGATION  METHOD  FORMULATION 

The  BPM  poblem  formulation  appoximations  must  be  carefully  analyzed  since  they  may  significantly  affect  the  BPM 
variant  rq^licability  and  the  accuracy  of  the  results.  The  starting  pint  for  any  BPM  variant  is  the  set  of  rigorous  vectorial 
propagation  equations  derived  from  the  Maxwell  equations  : 


^+Z[f^^fl21^x(Vx/r)+  k^eix,y,z)H=Q 
e^E{x,y,z) 


(1) 

(2) 


*  Correspndence:  Mircea.Guina%ORC@semi.ee.tutfi 
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In  order  to  simplify  the  problem  practically  every  BPM  variant  uses  some  ajp'oximations.  Among  the  most  frequent  ones 
are  the  paraxial  ^jproximation  and  the  weak  contrast  approximations  (weak  transverse  contrast  (VtSi«0),  weak  longitudinal 
contra^  (VzSr«0  if  the  generic,  axial  direction  of  propa^tion  is  taken  to  be  Oz)  and  weak  overall  contrast  (V8,«0)).  Also 
reduction  in  the  problem  dimensionahty  (from  2D  to  ID  in  the  transverse  section)  ^  and  spatial  variable  change  or  conformal 
mappngs  are  frequently  employed 

The  paraxial  apfM’oximation  (PA)  providing  equation  simplification  and  a  simplified  solution  form  assumes  that  the  energy 
is  propagating  only  in  a  narrow  solid  angle  around  the  generic  direction  of  propagation  (Oz).  Special  care  ^ould  be  taken  in 
using  the  PA  since  the  associated  error  (when  the  energy  is  propagating  in  a  wider  angle  around  Qz)  is  not  ea^  to  notice 
and  may  be  neglected  in  analysis.  The  weak  transverse  contrast  approximation  enables  scalar  formulation  but  the 
simplification  is  paid  by  the  loss  of  vectorial  information  (for  example  fte  polarization  information  cannot  be  extracted). 
While  some  approximations  are  obvious  in  problem  formulation  there  are  many  situations  when  the  approximations  are  not 
aK>arent.  The  solution  form : 


'F(x,y,z)  =  P(x,y,z)exp(-j  k^n^z)  (3) 

obviously  implies  the  weak  longitudinal  contrast  (since  only  the  progressive  propagation  is  considered)  and  the  paraxial 
approximation  for  a  field  envelope  P(x,y,z)  presumed  to  be  slowly  varying  in  the  z-direction.  On  the  other  hand  the  weak 
overall  contrast  approximation  may  be  introduced  in  a  less  visible  manner  by  the  implementation  of  the  continuity 
conditions.  Also  many  times  some  of  the  approximations^  consequences  are  presumed  without  explicitly  mentioning  the 
respective  approximations  in  the  problem  formulation.  For  example  the  coupling  between  transverse  and  axial  components, 
which  is  a  consequence  of  the  refraction  index  variation  along  the  axial  direction,  is  frequently  ignored  even  in  vectorial 
formulations  althou^  the  weak  longitudinal  contrast  ai^roximation  is  not  mentioned. 

The  apphcation  of  a  certain  set  of  approximations  to  (1)  and  (2)  leads  to  the  equation  to  be  solved,  usually  either  the  scalar 
Helmholtz  equation : 


yp  dP  2  1  2 

- 2  - 2  - 2  ~  ^J^o'^0 - +  *0  (”  -«0  )P  =  0  (4) 

dy  dz  dz 

or  the  scalar  parabolic  equation : 

d'^P  d^P  dP  2  2  2 

- 2  + - 2  ~  y^o’^0 - +  *0  ("  -«0  )P  =  0  (5) 

dx  dy  dz 

Most  frequently  finite  difference  method  (FDM),  finite  element  method  (FEM)  or  (Fast)  Fourier  Transform  (FFT) 
formalisms  are  employed  (usually  together  with  some  inmovement  like  the  Fade  approximation,  alternate  diiection  imphcit 
approach,  DuFort-Frankel  scheme  or  Douglas  scheme  towards  the  solution.  At  this  stage  special  attention  must  be 

given  not  only  to  the  operator  modifications  but  also  to  their  application  point.  For  example  the  apphcation  point  for  the 
and  operators  in  the  FDM  formalism  delimitates  the  exphcit  methods  from  the  Crank-Nicholson  ones  and 
affects  the  transverse  sample  correlation.  Also  sensible  accuracy  improvement  may  be  obtained  by  properly  placing  the 
ap)hcation  point  of  the  ph^  and  spectral  correction  operators  in  the  split-step  FFT  BPM. 

The  FFT  formalism  enables  an  interesting  insight  in  the  propagation  modeling.  The  spatial  spectrum  samples  obtained  by 
applying  the  FFT  to  the  transverse  field  distribution  samples  correspond  to  transverse-plane  projections  of  plane  waves 
propagating  at  different  an^es  with  respect  to  Qz.  The  angles  0ifor  ID  transverse  section  are  given  by  : 

0,  =arcsin[A„/(«or^.)J  (6) 
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where  Txi  is  the  ID  transverse  periochcify  associated  with  the  spatial  spectrum  sample.  Since  the  plane  wave  propagation 
angles  increase  with  reduction  of  the  associated  transverse  periodicity  the  maximum  angle  at  which  the  energy  propagation 
is  modeled  is  -  for  a  constant  discretization  step : 

=  arcsin[2Q  /  (2«q  Ax)]  (7) 

Therefore  in  order  to  avoid  that  the  transverse  mesh  produces  some  paraxial  error  (in  the  sense  that  the  energy  propagation 
is  considered  to  talf^  place  in  a  solid  angle  smaller  than  the  real  one)  the  transverse  mesh  step  should  be  smaller  than 

•  max{M}sin^^  mm )  •  where  9r  max  is  the  maximum  angle  at  which  the  energy  propagates  in  the  real  case.  If  0r  max  is 

not  known  a  more  restrictive  condition  can  be  imposed  Ax  <  /(2  •  max{/i}) .  In  case  of  variable  transverse  mesh  step  the 

<-nnHirinn«!  must  be  fiilfilled  by  the  maximum  transverse  mesh  st^  to  assure  that  local  energy  propaption  is  properly 
morteled.  Fortunately  even  in  flie  most  restrictive  conditions  this  limitation  imposed  on  the  transverse  mesh  step  cm  be 
respected  rather  easily.  It  has  to  be  mentioned  that  these  limitations  are  intrinsic  to  transverse  discretoation  and  are  valid  for 
all  BPM  variants  irrespective  on  whether  the  spatial  spectrum  is  calculated  or  not. 

The  boundary  conditions  also  have  a  significant  influence  on  the  accuracy  of  the  results  mostly  when  sirnulation  uses  a 
small  transverse  calculus  window  (TCW)  and/or  divergent  propagation  takes  place.  Various  boundary  conditions  have  ^n 
proposed  -  abgnrhing  bormdary  conditions,  transparent  boundary  conditions,  impedance-matched  boundary  layers 
Since  there  is  not  possible  to  assure  zero  boundary  reflectivity  for  all  incident  an^es  and  a  wide  spectral  range  Ae  bormdary 
conditions  may  sometimes  require  adjustment  according  to  the  simulation  p'drlem  -  a  feet  not  obvious  for  the 
inexperienced  user. 

In  orrr  tests  we  have  used  several  BPM  variants  mostly  in  our  own  implementation  (8  FDM  based  variants  and  4  FIT  based 
variants).  Unfortunately,  up  to  the  moment  of  paper  publication  we  could  not  get  the  agreement  fi'om  the  commercial  BPM 
program  vendors  to  include  a  comparative  set  of  results  obtained  using  their  programs.  However  many  of  our  conclusions 
were  derived  from  tests  performed  with  BPM  p-ograms  firom  different  sources. 

3.  HOMOGENOUS  SPACE  PROPAGATION  TEST 

Althou^  performing  a  homogenous  space  BPM  popagation  test  may  seem  at  least  strange  there  are  a  lot  of  interesting 
conclusions  to  be  drawn.  Actually  there  is  no  BPM  method  capable  of  prforming  a  reasonably  accurate  homogenous  space 
propagation  -  mostly  if  the  incident  beam  diameter  is  small.  The  difficulties  arise  mostly  firom  the  increase  in  maximum 
divergence  angle  and  in  dififiaction  effects  as  the  incitot  beam  diameter  is  decreasing.  Fig.  1  shows  an  examine  result  of 
FFT  BPM  homogenous  space  propagation  modeling.  The  transverse  section  was  taken  ID  -  in  order  to  have  a  better 
r^sentation  of  the  modeled  popagation  (this  being  valid  for  all  the  BPM  resulte  pesePed  in  the  paper)  -  and  the  injected 
beam  was  taken  to  have  a  parabolic  distribution  -  in  order  to  have  clearly  delimited  the  region  throu^  which  the  energy  is 
injected. 

The  first  thing  that  can  be  analysed  is  the  shap  of  the  wavefront  for  a  (quasi-)  punctual  source.  The  closer  the  calci^ted 
wavefiont  is  to  a  semi-circle  (for  ID  transverse  section)  or  to  a  hemi-sphere  (for  2D  transverse  section)  the  better  is  the 
dispersion  equation  aproximated.  The  paraxial  appoximation  changes  the  hemisirfieric  dispersion  equation  (kz=[ko  -no  - 
(k/+ 1^^)]''^  into  a  series  expansion  aprroximation  that  fiequently  uses  only  the  quadratic  term  thus  leading  to  a  parabolic 
dispersion  equation  (k^=kb-no-kx^/(2  ko  no)).  Analyzing  the  difference  between  the  wavefi-orit  of  the  homogenous  space 
propa^tion  and  the  envelop  of  weighted  semi-circular  /  hemis{Aeric  wavefronts  associated  with  all  the  source  pints  in  the 
ID  /  2D  transverse  section  one  can  easily  find  out  the  angle  at  which  the  difference  becomes  unacceptable  (0err)-  If  this  0eir 
angle  is  greater  than  tire  maximum  angle  at  which  the  energy  is  popagatmg  in  the  stmeture  to  be  modeled  -  then  the 
respective  BPM  method  will  model  the  divergent  energy  propgation  with  acceptable  accuracy. 
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Homogenous  space  propagaiion  — 


Fig.  1  BPM-modeled  homogenous  space  propagation  (ID  transverse  section) 


An  interesting  modeling  phenomenon  can  sometimes  be  observed  Iq?  analyzing  the  power  transfer.  Since  the  time  dimension 

of  the  i^oblem  is  neglected,  power  transfer  through  a  wavefront  is  proportional  with  3=  f  [/’(x,  y,  z)?  ds .  Fig.  2 

shows  the  computed  value  of  3  (in  aibitrary  units)  depending  on  the  radial  distance  to  the  wavefront  along  which  the 
integral  is  computed  The  initial  wavefront  (from  which  the  radial  distance  is  measured)  was  taken  to  span  up  to  the 
diameter  of  the  injected  beam  and  the  integral  was  taken  obviously  -  only  inside  the  area  covered  simulatioa  While  the 
homogenous  medium  has  no  gain  or  loss  one  would  expect  constant  3  up  to  the  point  where  the  wavefront  reaches  the 
border  of  the  transverse  calculus  window  (TCW)  —  or,  more  correctly,  up  to  the  point  where  the  wavefront  reaches  the 
boundary  condition  regioa  From  this  point  on  one  would  expect  a  decrease  in  3  as  the  energy  leaves  the  calculus  window 
through  the  border.  The  rate  at  which  energy  is  lost  throu^  the  border  can  also  be  analytically  evaluated  and  compared  with 
the  energy  loss  through  the  border  given  by  BPM  simulation.  The  difference  is  a  good  indicator  of  the  quality  of  the  border 
conditions  used.  If  the  decrease  in  3  on  the  second  part  of  the  variation  depicted  in  Fig.  2  is  due  to  energy  loss  through  the 
border  what  is  the  explanation  for  the  first  part  of  the  variation  ?  At  first  we  considered  it  a  spurious  effect  of  the  numerical 
method.  Afterwards  we  found,  however,  a  possible  physical  explanation. 


[microns] 

Fig.  2  Variation  of  the  field  distribution  energy  along  successive  wavefronts 
in  a  BPM-modeled  homogenous  space  propagation 


The  diffraction  is  a  continuous  phenomenon  and  the  BPM  method  is  not  able  to  model  its  effects  when  they  are  felt  over 
distances  that  are  smaller  than  the  discretization  steps.  Therefore  at  small  Zi,  where  the  drSiraction  phenomenon  has  effects 
on  a  spatial  range  smaller  than  the  discretization  steps,  the  modeled  field  distribution  has  discontinuities.  As  the  propagation 
continues  towards  greater  Zi  the  spatial  range  of  the  diEfraction  effects  becomes  greater  than  the  discretization  steps  and  the 
BPM  method  captures  more  accurately  the  diffraction  effects  (the  field  distribution  becomes  smoother).  It  seems  that  the 
BPM  method  accumulates  at  least  some  of  the  field  eneigy  from  the  regions  with  field  distribution  discontinuities  in  higher- 
frequency  spatial-spectrum  components.  As  the  spatial  ext^ion  of  diffraction  effects  becomes  comparable  and  then  greater 
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than  the  discretization  steps  the  BPM  method  gradually  recovers  this  energy  into  lower-frequency  spatial  spectrum 
components.  We  observed  the  effect  in  more  than  one  FFT-BPM  but  the  magmtude  and  the  distance  over  which  the 
‘recovery’  took  place  were  different  for  the  same  modeling  problem.  Althou^  the  conservation  poperties  of  the  scalar  and 
polarised  FD-BPM  have  been  mentioned  in  literature  to  the  best  of  our  knowledge  the  ‘recovery  effect  was  not 
systematically  analyzed  or  explained  —  pobably  due  to  flie  smaU  distance  scale  over  which  it  takes  place.  The  effect  is 
cleariy  depending  on  the  method  and  simulation  parameters  but  it  still  could  be  considered  a  favorable  temporary  spectral- 
aliasing  effect  if  the  distributions  in  the  ‘discontinuity’  area  are  not  used  in  the  analysis  suKxrrtedby  simulations. 

4.  EIGENMODE  PROPAGATION  TEST 

Another  cimplf^  test  is  to  popagate  the  eigenmode  of  a  monomode  guide.  At  first  sight  h  seems  that  not  many  conclusi^ 
can  be  drawn.  There  are  however  some  interesting  observations  to  be  made  analyzing  the  results  of  such  a  test.  The 
energy  in  the  spatial  TCW  must  be  equal  with  the  energy  in  the  spectral  calculus  window  and  both  must  remam  instant 
with  inrTpacing  z.  The  fililure  to  fulfil  this  condition  indicates  that  either  the  TCW  extension  or  the  TCW  discretization  step 
were  not  properly  Some  other  conditions  to  be  observed  are  that  the  wavefront  should  be  plane  for  a  real-valued 

refraction  index  dictrihiitinn  and  that  the  field  envelope  distribution  should  remain  constant  along  Oz.  However  we  fond  out 
by  using  this  test  that  many  BPM  programs  do  not  propagate  the  eigenmode  of  the  structure  but  rather  a  stable  transverse 
distribution  which  could  be  considered  an  eigenvalue  of  the  B^  operator  -  since  for  a  uniform  guide  the  BPM  operator 
remains  constant  Althou^  most  of  the  times  the  error  is  rather  small  the  effect  can  be  easUy  observed.  Fig.  3  shows  the 
result  of  an  eigenmode  propagation  test  using  a  FDM-BPM  variant.  Since  flie  injected  field  distribution  is  exacUy  the 
analytic  f^igpnm<vte  of  the  monomode  guide  over  which  the  propagation  is  simulated  it  can  be  seen  fliat  the  propagated 
stable  field  distribution  is  in  feet  the  FDM-BPM  operator  eigenvalue. 


Kg.  3  BPM  eigenmode  prop^ation  in  a  monomode  guide  -  showing  that  the  popagated  stable 
transverse  distribution  is  actually  a  BPM  operator  eigenvalue 


If  the  guide  to  be  modeled  has  a  refitactive  index  distribution  that  doesn’t  enable  an  analijfic  solution  a  crosscheck  betweeri  a 
BPM  and  a  Mode  Solver  (MS)  method  can  be  used.  If  the  solution  obtained  ly  the  MS  is  propaga^  by  the  BPM  dong  uk 
same  guide  with  no  dgnifirant  alteration  then  the  two  methods  validate  each  other.  If  significant  difference  occurs  then  both 
methods  should  be  checked  against  some  propagation  problems  with  analytical  solution. 


The  results  of  the  eigenmode  propagation  test  can  also  be  used  to  evaluate  the  effective  index  of  the  ^ded  modes.  Smee 
the  t*ase  correction  included  in  the  neglected  (exp(-j  ko  no  Az) )  term  is  different  from  the  actual  spatial  phase  correctiOT 
term  (exp(-Jkon*rAz)),  the  residual  f*ase  correction  (exp(jko(iw-  no)-Az)  )  is  included  into  P(x^0s^^^  and  can  be 
used  to  evaluate  the  guided  mode  effective  index.  Fig.  4  shows  the  distribution  of  the  real  part  of  a  FFl  -BPM  pr^^t^ 
mgpumfvtfi  envelope  P(x,Zi).  The  envelope  variation  due  to  the  residual  jfease  correction  can  be  easily  observed  and  its 
period  can  be  used  to  evaluate  the  guided  mode  effective  in^x.  Superior  results  in  evaluating  the  propagation  constants  can 
be  obtained  using  the  imaginary  distance  BI^  approach 
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Fig.  4  Noimalized  real  part  of  a  BPM-propagated  eigenmode  envelope 

A  more  powerful  eigenmode  propagation  test  can  be  realized  by  simulating  the  propagation  along  a  monomode  strai^t 
guide  that  is  tilted  with  respect  to  the  generic  direction  of  propagation  Oz  In  this  case  not  only  the  BPM  ability  to  model 
divergent  energy  propagation  is  tested  but  also  the  BPM-variant  sensitivity  to  transverse  discretization  errors.  The 
discretization  errors  produce  an  error  field  consisting  of  a  set  of  plane  waves  propagating  at  different  angles  with  respect  to 
the  Qz  axis.  The  error  field,  althou^  generally  weak,  can  accumulate  constructively  -  and  significantly  alter  the  BPM 
simulation  results  -  if  its  phase  change  adds  up  to  2n7i.  If  the  longitudinal  discretization  step  is  taken  to  be  smaller  than 
27t/[no(ko-kz)]  then  the  constructive  accumulation  of  the  error  field  cannot  take  place.  A  number  of  BPM  variants  have  been 
proposed  for  dealing  with  inclined  guide  sections  ^ Although  the  coordinate  changes  and  the  conformal  mappings  may 
be  very  effective  in  certain  situations  our  point  is  that  their  use  should  be  carefully  analyzed  since  they  induce  significant 
restrictions  on  the  BPM  operators  and  on  the  discretization  mesh. 


Fig.  5  BPM-modeled  propagation  of  a  2  guided  inodes  ensemble 

The  propagation  of  a  guided  mode  ensemble  in  a  multimode  guiding  structure  can  also  lead  to  some  interesting 
observations.  Fig.  5  shows  a  FDM-BPM  modeled  propagation  of  the  2  guided  modes  ensemble  in  a  step  index  profile  guide 
while  Fig.  6  shows  a  FFT-BPM  modeled  popagation  of  the  5  guided  modes  ensemble  in  a  graded  index  profile  guide.  The 
simulations  were  carried  out  on  a  ID  transverse  calculus  window  and  the  final  result  was  obtained  by  adding  the  ne^ected 
phase  term  to  the  P(x,z)  BPM  solution :  z)  =  P(x,  z)QXj^-JkQnQz) . 

The  BPM-simulated  eigenmode  ensemble  popagation  should  exhibit  a  priodical  Oz  distribution.  The  closer  this 
distribution  is  to  the  analytical  or  MS-derived  eigenmode  ensemble  distribution  'F(x,z) 


N~l 

'F(x,z)=  E  z)e5q)(7^,.) 

i—O  * 


(8) 
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(where  N  is  the  number  of  guided  modes  and  Tj,  14®  t  mj,  9i  are  respectively  the  guided  modes’  field  distributiom,  effective 
indices,  weights  and  initial  i*ase  values  for  a  ID  transverse  window)  the  better  are  the  BPM  variant  capabilities  to  model 
not  only  divergent  energy  propagation  but  also  reflections  fi^om  dielectric  interfaces.  What  can  also  be  observed  firom  Fig.  5 
and  6  is  that  as  the  number  of  guided  modes  inaeases  and  the  problem  comes  closer  to  the  ray  optics  aRjroximation,  the 
BPM  modeled  field  distribution  i^esents  one  or  more  maximum-field  paths  that  come  closer  to  the  geometrical  optics  r^ 
path(s). 


Fig.  6  BPM-modeled  propagation  of  a  5  guided  modes  ensemble 

5.  EIGENMODE  SELECTION  TEST 

Simulating  the  propagation  of  an  arbitrary  injection  in  a  z-uniform  guiding  structure  can  sometimes  lead  to  more  complete 
conclusions  on  the  BPM  variant  capabilities  than  the  simulation  of  eigenmode  propagation.  Fig.  7  shows  the  result  of 
propagating  a  quasi-parabolic  field  jffofile  injection  in  a  monomode  gmding  structure.  It  can  be  observed  that  the  eigenmode 
is  gradually  selected  while  the  injected  ener^  that  is  not  coupled  into  the  eigenmode  is  eliminated  by  radiative  modes 
through  the  cladding.  Details  of  the  eigenmode  selection  process  can  be  observed  in  Fig.  8  where  the  quasi-parabolic 
injection,  the  eigenmode  and  the  field  distribution  obtained  after  a  40pm  BPM  propagation  of  the  quasi-paiabolic  injection 
are  presented. 


Fig.  7  Eigenmode  selection  modeling  through  BPM  propagation  of  an  arbitrary  injection 
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Kg.  8  Compaiison  of  the  injected  field  distribution,  dgemnode  distribution 
and  field  distribution  resulted  after  40pm  BPM  propagation 


All  the  conclusions  of  an  eigenmode  propagation  test  can  be  obtained  firom  an  aibitiaiy  injection  test  with  the  cost  of  a 
simulation  over  a  longer  propagation  distance.  The  supplementaiy  propagation  distance  is  the  distance  over  which  a  stable 
(in  the  monomode  guide  case)  or  periodical  (in  the  multimode  guide  case)  field  distribution  is  obtained.  Over  this  distance 
the  injected  field  energy  that  was  coupled  into  radiative  modes  is  eliminated  throu^  the  cladding  and  the  remaining  guided 
mode(s)  produce  the  st^le  or  periodical  field  distribution, 

Aipaii  fi'om  the  eigenmode  propagation  test  conclusions  the  eigenmode  selection  test  enables  the  evaluation  of  radiative 
mode  handling  by  the  BPM  variant  under  investigation  Even  simpler  than  comparing  the  stable  or  periodical  field 
distribution  obtained  by  BPM  simulation  with  the  analytical  or  MS  derived  solutions,  a  comparison  of  the  BPM  obtained 
coupling  coejBficient(s)  (as  the  ratio  of  the  resulting  guided  mode(s)  energy  over  the  injected  field  energy)  with  the 
analytically  obtained  ones  gives  a  rapid  measure  of  the  BPM  variant  capability  to  treat  radiative  modes.  It  must  be 
mentioned  however  that  the  distance  (D)  over  which  the  BPM  simulation  produces  a  stable  or  periodical  field  distribution  is 
also  a  measure  of  the  BPM  variant  c^>ability  to  accurately  model  radiative  mode  propagation.  In  our  experience  the  distance 
D  was  the  simulation  result  parameter  that  varied  the  most  j&om  one  BPM  variant  to  another  but  since  some  experimental 
data  are  needed  to  evaluate  the  right  D  distance  no  conclusion  could  be  drawn  out  of  this  difference.  Another  observation  to 
be  made  is  that  the  transverse  mesh  choice  significantly  affected  the  BPM-resulted  coupling  coefficients  while  the 
longitudinal  discretization  affected  more  the  distance  D. 

6.  OTHER  TESTS 

Many  other  tests  have  been  used  by  different  authors  for  BPM  variant  evaluation  :  divergent  (Y-coupler)  propagation 
modeling,  longitudinally  reflective  structures  modeling,  co-  and  contra-directional  coupling,  mode  conversion  and 
polarization  modeling,  complex  valued  refiraction  index  structures  modeling,  etc.  AU  these  tests,  although  enabling 
interesting  conclusions  on  a  case  to  case  basis,  are  not  general  enough  to  be  used  in  a  standard  evaluation  -  mostly  when 
many  BPM  variants  do  not  aim  at  all  to  some  modeling  capabilities  (like  for  example  modeling  structures  with  longitudinal 
reflections). 

From  among  the  tests  with  lesser  generality  we  frequently  used  the  Y-coupler  propagation  modeling  since  it  somehow 
combines  the  eigenmode  propagation  in  stiai^t  parallel  to  Qz  and  inclined  guides  and  the  eigenmode  selection  test  The 
main  |sx)blem  for  the  Y-coupler  test  is  that  there  are  no  accurate  solutions  -  analytical  or  by  other  methods  -  apart  fi^m  the 
BPM  ones  so  that  a  result  verification  -  other  than  experimental  •“  is  difficult.  Fig.  9  shows  a  BPM-modeled  propagation  in 
a  wide  angle  Y-coupler.  The  gradual  coupling  into  the  Y-coupler  branches  can  be  seen  although  it  is  not  clear  how 
accurately  this  {ihenomenon  is  modeled,  A  possible  experimental  verification  of  the  Y-coupler  BPM  modeling  could  be  to 
verify  the  branch  coupling  coefficients  dependence  on  the  position  of  the  injected  field  with  respect  to  the  axis  of  the  Y- 
coupler  and  on  the  length  of  the  Y-coupler  input  section  (pied). 


420 


Propagation  in  an  Y-coupler 


Normalized  P(x,z)  module 


Fig.  9  BPM-modeled  propagation  in  a  wide  an^e  Y-coupler 
7.  CONCLUSIONS 

A  few  «iittiplp  tests  have  been  proposed  for  a  standard  evaluation  of  BPM  variants  :  homogenous  space  iffopagation, 
pigftnmnHft  p:opagation  in  monomode  and  multimode  waveguides  and  eigenmode  selection  through  iffoi»gation  of  an 
arbitrary  injection.  We  have  shown  that  these  tests  enable  many  observations  on  the  BPM  variant  capabilities  and  on  the 
choice  of  gimnlatinn  parameters.  The  paraxial  app-oximation  and  the  maximum  angle  at  which  the  divergent  energy 
propagation  is  tnwtntprt  with  acceptable  accuracy  can  be  estimated.  The  quality  of  the  border  conditions  can  be  evaluated. 
The  poper  choice  of  the  transverse  calculus  window  extension  and  discretization  can  be  analyzed  and  the  maxmum  angle 
at  which  the  energy  p-opagation  is  modeled  -  for  the  given  transverse  mesh  -  cari  be  determined.  The  guided  mo<te 
effective  refraction  index  can  be  calculated  if  reasonably  accurate  modal  field  distrilHitions  are  known.  Also  the  accuracy  in 
handling  the  radiative  modes  can  be  estimated. 

Furthermore  some  intf-mgring  effects  were  analyzed.  The  BPM  capability  to  restore  ener©r  temporarily  stored  in  higher 
spatial  frequency  ronirnnp.iits  was  discussed.  The  possibility  to  detect  if  the  stable  field  distribution  propagated  by  the  BPM 
through  a  monomode  guiding  structure  is  not  actually  a  BPM  operator  eigenvalue  was  presented.  Some  ways  to  crosscheck 
the  BPM  results  with  Mode  Solver  method  results  were  (xoposed.  Eigenmode  ensemble  popagation  showed  the 
electromagnetic  apffoximation  convergence  with  the  ray  approximation  for  hi^ily  multimode  structures. 

During  OUT  tests  the  spatial  spectrum  shape  and  evolution  was  very  useful  in  analyzing  many  simulation  parameters.  Not 
only  that  the  spectral  aliasing  could  be  easily  detected  -  when  the  higher  frequency  qjectral  samples  were  not  negligible  - 
but  also  the  apparition  and  p’opagation  of  discretization  errors  —  with  their  specific  comb  shape  -  and  the  privileged  and 
forbidden  energy  propagation  c&ections  could  be  observed. 
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ABSTRACT 


Laser  crystals  with  disordered  structure  present  a  series  of  advantages  for  diode  pmnping  or  short  pulse  generation  as 
compared  with  ordered  crystals.  Such  a  system  proved  to  be  calcium  lithium  niobium  gallium  garnet  (CLNGG)  doped  with 
Nd^^.  The  paper  presents  the  growth  and  X-ray  analysis  of  specially  doped  CLNGG.  Very  few  spectroscopic  data  on  this 
system  have  been  previously  published.  The  paper  presents  low  ten^jerature  (lOK)  absorption  spectra,  site  selective  excitation 
and  lifetime  measurements  of  Nd^""  in  CLNGG.  At  least  four  distinct  nonequivalent  centers  are  observed,  the  spectral  lines  for 
every  center  presenting  a  disordered  Gaussian  shape.  Based  on  structural,  spectral  static  and  emission  d)mamics  data  an 
attempt  of  modeling  the  structure  of  these  centers  is  proposed. 

Keywords:  Laser  crystals,  Nd^""  in  calcium  lithium  niobium  gallium  garnet,  optical  spectroscopy 

1.  INTRODUCTION 


Interesting  solid  state  laser  materials  for  diode  pumping,  or  short  pulse  generation  or  amplification  could  be  the  crystals 
with  disordered  type  structure.  Such  systems  proved  to  be  calcium  niobium  gallium  garnet  (CNGG)  and  calcium  lithium 
niobium  gallium  garnet  (CLNGG)  doped  with  rare  earths  ions  (RE^*).  These  crystals  present  several  advantages  as  compared 
with  ordered  garnet  crystals  such  as  YAG;  low  melting  point  (smaller  than  ISOO^C  that  makes  the  growing  possible  without 
iridium  and  therefore  a  sinq)lified  technology),  much  larger  absorption  and  emission  bands  and  allow  large  doping  level  with 
ions  such  as  Nd^"^.  These  crystals  present  a  better  thermal  conductivity  than  glasses.  Originally  CNGG  was  syntetized  in  a 
polycrystalline  form  using  a  solid  state  phase  reaction  method*  with  the  formula  Ca3Nb2Ga30i2.  X-  ray  and  Raman  data  on 
the  melt  grown  (congraent  conqjosition)  CNGG  single  crystals  have  a  different  composition,  Ca3Nb|.68Ga3,2Vo,i20i2,  where  V 
means  cationic  vacancy.  The  extra  amount  of  Nb^  in  this  material  relative  to  stoichiometric  structure  is  compensated  by 
vacancies.  By  Raman  spectroscopy'*’*  it  was  shown  that  V  are  usually  in  octahedral  (a)  and  tetrahedral  (d)  sites  of  the  garnet 
lattice,  and  their  concentration  can  be  reduced  by  addition  of  other  cations.  Thus,  the  addition  of  Li^  is  accompanied  by  a 
vacancies  concentration  decreasing  practically  to  zero'*;  and  essentially  a  new  type  of  crystal,  calcium  lithium  niobium  gallium 
garnet  (CLNGG)  was  obtained*  .The  CNGG  and  CLNGG  stractures  are  disordered  due  to  various  possibilities  of 
arrangements  of  Nb*^  Ga*^  Li^  or  V  in  octahedral  or  tetrahedral  sites. 

r  asing  and  several  spectral  characteristics  of  crystals  were  investigated,  especially  Nd*^  doped  CNGG*'** ,  Cr*^  and  Nd*^ 
:CNGG*’’,or  Nd**:  CLNGG’  *®.  The  main  results  of  these  investigations  are  that  Nd*^  presents  a  multisite  structure  with  at 
least  four  centers  and  with  lines  of  Gaussian  shape  indicating  the  disordered  stracture.  An  attempt  of  assignment  to  connect 
the  four  line  structure  to  a  structural  model  for  Nd**^:  CNGG  has  been  recently  proposed**  .The  lasing  characteristics  are 
different  for  the  two  (CNGG  and  CLNGG)  crystals.  Laser  emission  in  different  regimes  was  obtained;  free  running,  Q-switch, 
ultrashort  pulse  (pico  or  fenptoseconds).  A  conqjarison  of  Nd*^  emission  in  CLNGG  and  CNGG  crystals  revealed  several 
advantages  of  the  latter,  such  as:  higher  damage  threshold  (twofold),  lower  divergence  and  thermal  lens  effects  at  high 
pumping  Though  the  concentration  of  Nd*^  in  die  crystals  used  for  laser  emission  is  rather  high  (larger  than  3at.%),  the 
energy  transfer  processes  are  practically  not  investigated  and  refer  mainly  to  transfer  from  Cr*^  to  Nd  CNGG  ’  and  are 
treated  in  a  very  global  way. 
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The  spectroscopic  properties  of  Nd^^:  CLNGG  are  less  studied  and  no  report  on  energy  transfer  processes  has  been 
published.  The  purpose  of  this  paper  is  the  study  of  growth  conditions,  X-ray  analysis  and  spectroscopic  characteristics  of 
Nd^"^  in  CLNGG  single  crystals.  Low  temperature  high  resolution  absorption  spectra,  selective  excited  luminescence, 
luminescence  kinetics  are  analyzed.  Based  on  the  composition,  spectral  and  kinetics  data  an  attempt  of  modeling  of  the 
multisite  structure  is  proposed. 


2.  EXPERIMENT 


Single  crystals  of  CLNGG,  pure  and  doped  with  Nd^^,  were  grown  by  Czochralski  technique  (in  a  standard  radio  frequency 
heating  furnace  driven  by  a  100  kW  generator)  using  platinum  crucibles.  For  doping  with  Nd^^  of  CLNGG,  the  stoichiometric 
neodymium  lithium  niobium  gallium  garnet  Nd3LixNbxGa5.2xOi2  (NLNGG)  was  prepared.  Good  quality  samples  doped  with 
Nd^^  from  0.1  to  -10%  have  been  obtained.  The  garnet  phase  identification  and  determination  of  the  lattice  parameter  of 
sintered  materials  and  grown  crystals  were  performed  by  X-ray  diffractometer  (TUR  M  62)  with  Cu  K  ai  (30  kV,  15  mA). 
Spectroscopic  investigations  of  Nd^^  iCLNGG  single  crystals  were  performed  at  various  ten:q)eratures  by  using  a  Cary 
spectrometer  or  an  experimental  set-up  for  transmission  measurements  based  on  a  high  resolution  monochromator  and  a 
photon  counting  system  (Turbo-MCS),  and  closed  cycle  refrigeration  system.  Selective  excitation  has  been  done  by  a  Quantel 
dye  laser. 


3.  RESULTS 


3.1  Crystal  growth 

For  Nd^^  doping  of  CLNGG,  neodymium  lithium  niobium  gallium  garnet  (NLNGG)  was  prepared  and  since  no  phase 
diagram  for  this  conqjound  was  reported  in  the  literature,  a  solid  state  reaction  technique  was  adopted  in  order  to  obtain  the 
garnet  phase.  The  stoichiometric  composition  of  Nd3LixNbxGa5.2xOi2  for  our  study  was  chosen  corresponding  to  the  optimal 
composition  of  Li^  in  CLNGG^^,  i.e.  x  =  0.275.  Thus,  the  doping  can  be  made  sinply  by  mixing  the  proper  amounts  of 
CLNGG  (Ca3Lio.275Nbi.775Ga2.950i2)  and  NLNGG  (Nd3Lio.275Nbo.275Ga4.450 12).  The  raw  material  of  NLNGG  was  sintered  for 
about  30  min  at  1420^C,  resulting  ceramic  samples.  From  the  X-ray  powder  diffraction  pattern,  obtained  on  these  ceramic 
samples,  it  was  demonstrated  that  this  composition  has  a  garnet  structure.  Lattice  parameter  measured  on  sintered  material  is 
a=12.508A  at  room  temperature,  a  value  very  close  to  our  determinations  of  CLNGG  lattice  parameter  (12.51  A)  that  is 
smaller  than  that  reported  previously.  These  results  suggest  the  possibility  of  larger  doping  levels  of  Nd^"^  in  CLNGG  by  using 
the  mixture  of  the  two  garnets.  Single  crystals  of  pure  CLNGG  were  grown  from  a  Ca3Lio.275Nbi.775Ga2.950i2  melt 
composition,  after  sinterization  at  1350®C  for  3h.  The  crystals  were  grown  by  using  an  <1 1 1>  orientated  crystal  seed  obtained 
from  a  preliminary  platinum  wire  grown  crystal  in  air  atmosphere.  Doping  with  Nd^'"  of  CLNGG  was  obtained  by  mixing  and 
melting  in  the  desired  quantities  of  CLNGG  and  NLNGG  garnets.  In  this  way  Nd^^  doped  (from  0.1  to  lOat.%)  CLNGG 
single  crystals  were  successfully  grown.  The  melting  temperature  in  this  case  was  around  1470®C.  The  lattice  parameter  of 
Nd:  CLNGG  was  measured  to  be  a=12.5lA  at  room  temperature,  similar  to  the  undoped  crystals.  The  grown  crystals  were 
transparent  and  pale  yellowish  brown  in  color.  After  annealing  at  1200®C  for  Ih,  Nd^^  doped  single  crystals  become  pale 
yellowish. 


3.2  Absorption  spectra 

The  low  temperature  (lOK)  absorption  spectra  in  various  spectral  regions  have  been  measured.  Since  the  Nd^^  enters  in 
dodecahedral  c-sites  of  symmetry  D2  or  lower,  the  J  multiplets  are  split  in  Stark  doublets.  Every  line  presents  a 
multicon^onent  structure,  observed  even  at  room  temperature.  At  lOK,  the  structure  is  well  resolved  in  the  spectra 
corresponding  to  %/2  — ^Pi/2.transition.  Since  this  line  (see  for  example  in  Fig.  1  the  absorption  spectra  a  sample  with  7.5at. 
%  Nd  in  CLNGG)  is  connected  to  transition  to  a  single  Stark  level,  the  components  are  due  to  multisite  stmcture.  The  line  can 
be  rather  well  described  by  a  sum  of  four  Gaussians  with  Imewidths  varying  between  6  -  14cm"^  and  a  distance  between 
extreme  maxims  of  about  70cm‘\  as  shown  in  Fig.  1  .The  concentration  dependence  of  the  relative  intensities  of  the  four 
components  is  almost  linear ,  as  shown  in  Fig.  2 
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Fig.  1  The  absorption  spectrum  of  ^  ^Pi/2  Fig-2  Concentration  dependence  of  line  components 

transition  in  CLNGG 

If  the  transition  probabilities  of  the  four  centers  are  the  same,  the  relative  intensities  are  proportional  to  the  centos 
concentration.  This  is  not  the  case,  as  the  emission  kinetics  show.  The  line  stmcture  corresponding  to  the  absorption  to  the 
‘‘F3/2  and  ‘*65/2,  the  emission  and  selective  pumping  levels,  is  not  so  well  resolved,  as  shown  in  Fig.  3. 


Fig.  3  The  absorption  spectra  corresponding  to  “19/2  tod  %/2  *Giim  ^t  lOK  for  a  sanqtle  witii  0.6  at.%  Nd. 
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3.2  Emission  kinetics 


The  analysis  of  the  emission  kinetics  of  in  CLNGG  has  not  been  investigated,  to  our  knowledge,  up  to  now.  The 
overlapping  of  the  excitation  and  emission  components  makes  difficult  the  study  of  the  selective  emission  and  kinetics.  We 
managed  to  solve^^e  emission  decays  of  A,  B  and  D  lines  corresponding  to  ^F3/2(l)->  %/2(l)  (Fig.  3a)  transition  at  lOK.  The 
decays  at  low  Nd^""  content  are  exponential  with  lifetimes  varying  between  -160psec  for  center  A  and  -  240psec  for  center  D, 
180-190psec  for  center  B  as  compared  with  the  lifetimes  range  measured*^  for  Nd^''  in  CNGG  170  -  210psec.  At  higher 
concentrations  the  decays  becomes  nonexponential.  Every  center  presents  its  own  concentration  dependence  of  the 
nonexponentiahty.  The  nonexponentiality  of  line  D  can  be  better  analyzed.  Without  entering  into  details,  we  can  say  that  the 
nonexponentiality  is  complex,  but  can  be  described,  at  lOK,  in  terms  of  static  energy  transfer  with  two  types  of  interactions^"^, 
a  short  range  -superexchange  and  a  dipole-dipole  for  long  times.  At  room  temperature  the  decays  are  faster  and  at  high 
concentration  migration  effects  should  be  taken  into  account.  The  measurements  on  energy  transfer  are  in  progress. 


4.  DISCUSSION 


^Single  crystals  of  CLNGG  single  and  Nd  doped  have  been  grown  by  Czochralski  method  and  using  as  dopant  a  new  a 
Nd"  garnet  (NLNGG).  X  ray  measurements  on  single  crystals  present,  besides  the  normal  reflections  characteristic  to  garnet 
structure,  intense  (222)  forbidden  transitions  that  indicate  a  disordered  occupation  of  octahedral  sites.  The  presence  of  these 
transitions  on  all  <11 1>  directions  suggest  a  disordered  stmcture,  but  the  global  crystal  could  remain  with  garnet  structure. 
The  atten^t  to^  demonstrate  the  existence  of  a  lower  symmetry  by  comparing  the  i.r.  and  Raman  phonons  in  CNGG  is 
nonconcludent  since  phonons  of  similar  energies  have  been  observed  in  i.r.  and  Raman  spectra  of  YAG  too  (see  for 
exan^le  Tables  6.3,  6.4  in  the  book  of  Kaminskii^^).  Thus,  is  not  sxnprising  that  no  electrooptical  effect  can  be  observed  in 
CNGG.  Interesting  results  have  been  obtained  in  the  analyses  of  Raman  spectra^’  ^  where  a  multimod  behavior  of  some  peaks 
connected  with  quasilocalized  Ajg  vibrations  of  tetrahedral  groups  [Ga04]  and  [Nb04]  is  observed.  The  multimod  behavior  is 
characteristic  to  disordered  systems.  A  series  of  additional  satellites  are  observed  Raman  spectra  of  congruent  grown  crystals, 
as  con^ared  with  stoichiometric  sintered  composition.  These  satellites  were  connected  with  the  presence  of  cationic 
vacancies  in  octahedral  and  tetrahedral  sites.  The  introduction  of  Li"^  leads  to  decreasing  the  intensity  of  these  satellites  and 
the  apparition  of  a  new  one,  a  prove  that  the  vacancies  are  responsible  for  these  peaks.  It  was  concluded  that  vacancies  and 
Li  enter  preponderantly  in  octahedral  sites.  Another  conclusion  drawn  from  Raman  spectra  is  that  the  dodecahedral 
sublattice  is  not  perturbed. 

A  characteristic  of  Nd^"^  in  CLNGG  is  smaller  Stark  splittings  of  the  J  multiplets  as  compared  with  YAG,  a  fact  that  can  be 
due  to  the  larger  lattice  constant.  An  energy  level  diagram  for  Nd^^  in  CLNGG  is  difficult  to  perform,  since  even  at  room 
temperature  every  line  presents  a  multicomponent  structure.  As  the  absorption  and  emission  spectra  show,  the  Nd^"^  in 
CLNGG  present  a  number  of  at  least  four  lines,  each  line  presenting  a  prevailing  mhomogeneous  (Gaussian)  broadening  at 
low  temperatures.  The  stmcture  observed  in  %/2  —>  ^F3/2  transition  is  similar  to  that  previously  reported^  at  77K.  It  is 
interesting  to  mention  that  in  Nd^  spectra  of  CNGG  we  observed  at  least  five  nonequivalent  centers.  Such  a  stmcture  could 
be  present  in  CLNGG  too  but  it  is  less  evident. 

The  absorption  spectrum  of  in  CLNGG  corresponding  to  ‘‘I9/2  transition  can  be  decomposed  in  at  least  four 

Gaussian  corrponents  as  shown  in  Fig.  1,  and  the  relative  intensities  do  not  change  essentially  with  Nd^^  content.  The  relative 
area  of  the  four  con^onents  are  given  in  Table  1,  and  if  we  consider  that  the  cross  sections  are  the  same,  the  aria  should  be 
proportional  to  the  relative  concentration  of  the  four  main  Nd^"^  centers.  Nd^^  replace  easily  Ca^"^  in  dodecahedral  sites  since 
they  have  in  eightfold  coordination  almost  identical  ionic  radii'®  (1.12A).  To  explain  the  observed  four  lines  (Fig.  1)  stmcture 
we  consider  that  the  different  crystal  fields  at  the  Nd^^  dodecahedral  site  are  determined  by  conqsosition  of  the  first  cationic 
tetrahedral  and  octahedral  spheres  around  it.  According  to  the  composition  of  CLNGG  (Ca3Lio.275Nb,.775Ga2,950,2  ),  the 
tetrahedral  sites  contain  almost  entirely  Ga^  ions,  and  therefore  the  observed  stmcture  is  expected  to  be  connected  with  the 
randomly  occupation  by  Li^  and  Nb®*  of  the  first  octahedral  sphere  (four  places  at  3.5A).  If  we  a  assmne  a  random 
distribution  of  Nd  in  crystal,  the  probabUity  to  have  a  complex  with  n  (0-4)  Lf  ions  in  octahedral  vicinity  of  Nd^"^  is  given 
by  binomial  distribution: 


P„  =- 


4! 


(4-n)!«! 
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where  is  the  relative  concentration  of  Li^  in  octahedral  sites.  From  the  stractural  formula  of  CLNGG,  p  is  estimated  to 
be  0.1375.  If  one  compare  the  values  of  («  =  0,  1,  2,  3)  with  the  relative  experimental  area  of  absorption  spectra  (Fig.  1) , 
the  best  rms.  is  obtained  for  /?=0.1882,  a  slightly  larger  value  than  that  obtained  from  the  structure.  As  can  be  observed 
(Table  1)  the  experimental  results  are  in  rather  good  agreement  with  theoretical  estimations  oiP„,  exception  being  the  most 
shifted  line  situated  at  23 135cm*.  The  differences  could  appear  from  the  fact  that  the  conqjosition  of  the  line  is  more  conq)lex 
and  the  assun^tion  that  the  cross  sections  are  identical  for  the  four  centers.  Since  lifetime  of  F3/2  level  are  different  one  could 
expect  different  cross  sections  for  various  centers.  This  model  could  explain  rather  well  the  local  order,  but  the  Gaussian 
shape  of  every  line  can  be  connected  with  the  disordered  structure  of  this  crystal. 

Table  1  The  experimental  relative  normalized  aria  of  four  centers  and  calculated  probabilities  of  having  0,  1,  2  or  3  Li 
near  neighbors  for  two  values  of  fS  the  relative  concentration  of  Li^  in  octahedral  sites. 


Center  position  in 

Measured  normalized  area 

Pn 

\n  ^Pi/2  transition  (cm'^) 

=0.1375 

p=o.m2 

23161 

0.4317 

0.5534 

0.4349 

23188 

0.4070 

0.3529 

0.4032 

23202 

0.1228 

0.0844 

0.1399 

23135 

0.0384 

0.009 

0.0217 

These  estimations  suggest  a  correlated  distribution  of  cations  around  dodecahedral  Nd^^^  with  an  enhanced  Li  content  in 
near  neighbor  coordination  octahedral  sphere.  An  illustration  is  given  in  Fig.  4  where  Nd^""  near  neighbors  are  2  Ga  cations 
in  tetrahedral  sites  and  3  Nb’"^  and  1  Li*^  cations  in  octahedral  sites. 


Ga 


Fig.  4  The  proposed  model  for  one  of  the  Nd^^  centers  in  CLNGG:  the  dodecahedral  Nd^"^  and  two  nearby  tetrahedral  sites 
occupied  by  Ga^^,  and  four  octahedral  sites  occupied  3  Nb^^  and  1  Li^. 

One  should  mention  that  in  case  of  doped  YAG,  grown  at  high  temperature,  an  octahedral  nonstoichiometric  defect  (Y^^ 
replacing  octahedral  )  leads  to  nonequivalent  P  -  centers'^  manifested  in  optical  spectra  as  sateUites  around  RE  tnam 
lines.  It  was  shown  that  due  to  the  large  difference  between  Y^^  (0.9A)  and  Al^^  (0.53A)  sMold  coord^ted  ionic  radii,  one 
Y^(a)  determine  more  satellites  of  equal  intensities  and  close  lifetimes.  As  shown  recently  for  Er  in  YAG  four  satellites 
could  be  solved  and  assigned  to  dependence  of  Y^^(a)  perturbation  on  direction.  Such  an  anisotropy  could  exist  m  the  case  of 
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CLNGG  too,  but  could  be  lost  in  linewidths.  The  difference  of  ionic  radii  of  Li*  in  sixfold  coordination  0.74A  and  Ga^* 
0.62A,  or  0.64A  is  much  smaller  than  in  previous  case  and  the  anisotropy  of  perturbations  could  be  smaller.  In  the 
linewidth  are  lost  also  the  Nd^^(c)-  Nd^^  (c)  pairs,  but  they  are  present  as  the  analysis  of  the  decays  show. 

In  conclusion,  growth  conditions,  X-ray  and  low  temperature  spectroscopic  measurements  of  Nd^^  in  disordered  laser 
system  CLNGG  have  been  investigated.  Based  on  low  temperature  high  resolution  absorption  spectra  and  site  selective 
measurements  along  with  structural  data,  a  modeling  of  Nd^^  multicenter  structure  in  these  disordered  crystals  is  proposed.  It 
assumes  a  different  occupation  of  the  first  coordination  octahedral  sphere  in  the  vicinity  of  dodecahedral  Nd^^  with:  4  Nb^^ ,  3 
Nb  - 1  LC,  2  Nb^^  -  2  Li^  and  1  Nb^^  -  3  Li^.  The  next  cationic  coordination  spheres  contain  in  an  random  distribution  Ga^"*^, 
Nb  Lr,  Ca^^  or  vacancies,  and  this  leads  to  Gaussian  lineshape  of  the  spectral  line  for  every  center.  A  more  detailed 
analysis  of  the  nature  of  Nd^^  nonequivalent  centers  in  CLNGG  and  CNGG  is  under  study. 
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ABSTRACT 

The  paper  presents  a  method  to  retrieve  the  relative  phase  of  an  optical  field  starting  fix)m  three  di^tized  intensity  records. 
One  record  is  that  of  the  classical  intensity  of  the  field  itself,  while  the  second  and  the  third  are  intensities  obtained  after 
some  filtering  operations  performed  in  the  Fourier  ^ace  of  the  optical  field.  The  paper  also  gives  several  applications  of  the 
algorithm  to  both  one-dimensional  and  two-dimensional  cases. 

1.  INTRODUCTION 

As  known,  experimental  techniques  such  as  optical  interferometry,  tomography  and  image  pro(^sing  propose  some 
elaborate  algorithms  to  obtain  a  full  reconstruction  of  an  optical  field  (signal).  Apart  fitrm  requiring  some  expense 
equipment,  such  t<yhniq»»«^s  are  also  times  consuming.  However,  one  can  distinguish  a  class  of  applications  where  opti<^ 
operations  in  the  Fourier  space  of  the  signal  can  be  applied,  thus  leading  to  considerable  simplifications  to  the  entire 
problem. 

We  propose  a  method  to  retrieve  the  relative  phase  of  an  electroma^etic  complex  field  distribution  starting  from  the  values 
of  this  fipiH  taken  over  a  discrete  grid  of  points  (in  feet,  a  digitized  version  of  the  traditional  contmuos  records).  The 
technique  is  based  rai  three  intensity  records  of  the  field,  of  which  one  is  the  record  of  the  field’s  intensity,  while  the  oth^ers 
are  obtained  by  operations  performed  in  the  Fourier  ^ace  of  the  signal.  This  woric  discusses  numerical  recovery  of  optical 
fields  from  three  intensity  records.  We  shall  discuss  the  relevance  of  our  method  by  applying  it  to  several  one-dimensional 
and  two-dimensional  cases. 

This  paper  has  the  following  organization:  the  second  part  presents  the  basics  of  the  technique.  The  third  part  discusses  two 
dgnifinant  one-dimensional  cases.  The  fourth  part  presents  a  general  two-dimensional  optical  field  restoratiom  The  main 
conclusions  of  the  paper  are  given  in  the  fifth  part 

2.  BASIC  PRINOPLES  OF  THE  METHOD 

lj^f(x)  represent  a  complex  function  that  admits  a  Fourier  transform  and  depends  on  the  two  dimensional  vector  x.lMF(v) 
be  the  Fourier  transform  of  f(x).  We  have  the  following  relations^ 

Hy)  =  I /(*)  exp(-y2;rvs)<& 

/(x)  =  jF(v)expC/2^i«Mv 

B 

where  v  represents  the  variable  in  the  spatial  frequency  domain,  while  A  and  B  represent  two  dimerrsional  rectangular 
domains  having  the  origin  as  a  center  of  symmetry.  Introducing 


(3) 
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we  can  write 


/«  =  /o+/'(l)  <3) 


where^  represents  tbe  “2sro  order  spatial  frequency”  term. 
Using  de  Moivre’s  formula  we  split  our  frmcdons  as 


/(x)=/7(x)exp(^(x)) 

(4) 

/o  =  Po  exp(9)o) 

(5) 

/'(x)  =  P'(x)exp((i?'(x)) 

(6) 

Introducing 

/W  -  |/(x)|"  /'(X)  -  |/'(x)f  _  /,  .  |/,p 

(7) 

and  using  the  following  relations^ 

/.  =if(/(x)-/'(i))* 

^  A 

(8) 

I  (x)  =  /o  +  /'  (x)  +  2^/o/'  (x)  cos(<2)'  (x)  -  ^0  ) 

(9) 

/"(x)^/o  +  /'(X)  +  2V/o/'(x)  sin(^'(x)  -  q>o) 

(10) 

we  infer 

,,,  ,  /(x)+/o-/'(x) 

2VV(x) 

(11) 

sm(^(x)  -q>^)= 

lyjlolii) 

(12) 

2.1.  Phase  Recovery 

In  spite  of  the  fact  that  the  left  sides  of  Eqs.  (11,  12)  are  linked  by  a  fundamental  trigonometric  identity,  the  feet  that  this 
relaticm  has  a  nonlinear  character  makes  it  necessary  to  express  the  sine  and  cosine  functions  directly  in  terms  of  the 
experimental  data  (just  as  has  been  done  in  the  above  relations).  This  requirement  is  imperative  if  a  complete  phase  recovery 
(phase  unwrapping)  must  be  achieved  from  the  experimental  records. 
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It  is  woilhwMe  to  mention  that  the  conqjlete  phase  reooveiy  is  possible  only  throng  numerical  processing.  One  starts 
creating  the  wrapped  version  of  the  phase  (that  is  (<p(x)-<po(x))  modulo  2n)  from  Egs.  (11,  12).  Then  the  unwraiqjmg  c^ 
foUows  the  algorithm  proposed  by  Ghiglia-Romero''.  Our  preference  for  this  technique  (over  the  classical  foUowmg  path 
algorithm)  is  motivated  by  the  advantages  offered  by  this  technique  when  treating  noisy  signals. 

2.2.  Intensity  Records 

The  iiniigiat  intensities  introduced  as  lo,  r(x),  J"(x)  deserve  a  special  consideration.  In  feet,  these  three  entities  have  a 
OTecific  meaning  when  related  to  the  Fourier  space  of  the  optical  field.  Thus,  Jo  represents  the  square  module  of  the  element 
(0,0)  in  the  two-dimensional  Fourier  transform  of  the  signal  (i.e.,  the  square  module  of  the  zero  order  spatial  h^omc). 
lYx)  represents  the  intensity  of  the  reconstraction  (the  inverse  Fourier  transform)  of  tire  Fourier  space  of  the  optical  field 
f(x),  when  a  stop  screen  eliminates  fee  zero  order  harmonic.  FinaUy,  I”(x)  represents  fee  intensity  obtained  by  inverting  fee 
Fourier  space  of  f(x)  after  one  has  retarded  by  a/2  fee  zero  order  spatial  harmonic. 

PiacticaUy,  fee  records  I’(x),  I”(x)  can  be  obtained  in  two  ways.  Either  by  a  numerical  procedure  that  handles /(*)  in  fee 
desired  manner  (a  choice  recommended  mostly  for  theoretical  investigations)  or,  by  processing  fee  field  by  some  ^dard 
optical  arrangements.  The  basic  setup  needed  to  operate  on  fee  Fourier  space  of  an  optical  field,  essentially  consists  in  a  pan- 
of  confocal  lenses  placed  light  as  shown  in  Fig.  1. 
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Fig.1  Optical  filtering  setup 

Let  ptanfts  p,  and  P2  be  both  Fourier  conjugated  to  plane  T.  Then,  over  plane  T  one  always  gets  a  Fourier  transform,  F(^), 
of  fee  field  covering  plane  P,,  say  f(x).  When  nothing  in  plane  T  does  obstruct  fee  light’s  propaption,  then  over  plane  P2  we 
find  an  exact  version  off(x).  However,  if  one  places  in  plane  T  a  stiq)  transparency  (screen)  that  blocks  fee  ^o-frequency 
hamifYnir^  then  plane  P2  is  covered  by  fee  distribution Taking  two  independent  records  across  P2  wife  a  quadratic 
detector,  one  gets  fee  two  intensity  functions  I(x),  I'(x).  In  order  to  obtain  fee  third  distribution  I”(x),  one  must  sifestitute 
fee  stop  transparency  by  a  suitable  dephazing  plate  and  then  take  a  record  fee  intensity  over  plane  P2. 

3.  ONE-DIMENSIONAL  EXAMPLES 

To  give  an  intuitive  test  to  our  numerical  approach,  we  have  chosen  fee  simple  case  of  a  monochromatic  plaiie  wave 
incident  normally  on  a  screen  containing  a  one-dimensional  slit  A  very  simple  optical  field  characterizes  this  case. 
Obviously,  fee  ampiituHp  is  constant  over  fee  slit  and  nil  everywhere  else  on  fee  screen.  Correspondingly,  fee  phase  of  fee 
wave  is  constant  over  fee  entire  plain  containing  fee  sht 

This  simplicity  allows  us  to  ‘numerically’  propapte  fee  field  at  different  distances  away  from  then  screen  and  then  to 
cimiilatp;  fee  three  records  I(x)  I’(x)  and  I’’(x),  wherefrom  to  recover  fee  optical  field  using  Eqs.  (11,  12)  and  phase 
unwrapping.  We  have  treated  explicitly  two  types  of  propagation:  one  very  short  (close  to  fee  screen)  and  another 
sufficiently  great  to  give  an  image  of  fee  field  di^bution  that  can  be  compared  to  fee  classical  diffraction  pattern  for  a  slit 

The  technique  of  field  propagation  is  somewhat  standard^*  involving  three  steps.  One  starts  by  finding  fee  spatial  harmorncs 
(i.e.,  expressed  as  a  fee  set  of  infinite  extension  plane  waves)  of  fee  inprrt  field  (in  our  case  given  by  a  limited  cross  section 
plarie  wave).  Then,  these  harmonics  are  suitably  dephazed  (in  agreement  wife  fee  propagation  distance)  and  finally 
recomposed  to  obtain  fee  new  field  values  in  fee  ‘observation’  plane. 
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Figs.  2-5  iHyctratp  rtiffsTftnt  Stages  of  the  simulated  ‘slit-to-observation  plane’  propagation  process,  followed  by  ‘data 
recording’  and  p^Hing  by  a  complete  field  reconstruction.  In  this  case,  the  ‘observation’  plane  is  ‘placed’  at  a  large  distance 
fiom  the  slit  As  e^^ected,  the  intensity  distribution  has  the  well-known  difEraction  pattern  (see  Fig.2).  The  recovered  phase 
shown  in  Fig.  3  indicates  that  the  wave  finnt  in  the  observation  plane  is  quasi-spherical.  This  is  natural  if  we  recall  the  fer 
firfH  rharartffrigrifx  of  a  fifliissian  beam  having  the  waist  coincident  wifli  die  slit  For  the  economy  of  the  p^r  we  have  left 
aside  the  diagrams  showing  the  distributions  oir(x),  I”(x)  in  the  ‘observation’  plane.  StUl,  it  is  importmt  to  note  that  these 
distributions  were  prepared  numerically,  because  we  wanted  to  diow  that  the  total  field  recovery  operations  can  be  based  on 
these  records. 


Figs.  6-7  show  in  a  condensed  form  the  results  obtained  is  a  second  case  where  the  oteervation  plane  close  to  the  slit 
Essentially,  we  illustratp;  the  observed  intensity  and  the  fdiase  recovered.  The  intensity  in  the  oteervation  plai>e  does  not 
behave  in  an  intuitive  manner.  However,  our  results  are  si^ar  to  those  of  Garcia,  Mas  and  Dorsch  .  A  more  intuitive 


Fig.  6  The  input  and  diffiacted  intensities  close  to  the  slit  Fig.  7  The  wrapped  and  recovered  phase  close  to  the  slit 


behavior  is  exhibited  by  the  recovered  phase,  which  ^ows  that  close  to  the  slit  the  field  continues  to  propagate  as  a  quasi¬ 


plane  wave. 


4.  A  TWO-DIMENSIONAL  EXAMPLE 


In  this  section  we  present  one  case  that  can  be  rated  as  pertaining  to  the  class  of  most  complex  optical  fields,  essentially 
because  this  case  is  two-dimensional.  Mathematically,  we  have  defined  a  complex  field  combining  three  (»mponents,  all 
with  (jaussian  distributions  in  amplitudes  and  in  phases.  The  following  equations  express  the  proposed  combination 


uix,y)  =  pexpjq> 


(13) 


The  graphs  of  the  resulting  superposition  in  p(x,y)  and  ^x,y)  are  given  in  Figs.  8-9.  Because  the  effects  of  an  eventual 
propagation  cannot  bring  anything  new,  in  this  case  we  have  omitted  it  preferring  to  produce  directly  the  simulated 
experimental  records.  The  results,  namely  r(x,y),  I”(x,y)  are  given  in  Figs.  9-10.  Because  the  gr^h  of  l(x,y)  is  sinqrly  the 
square  of  p(x,y)  given  in  Fig.8,  we  have  omitted  to  give  it  (even  if  its  record  has  been  created). 

In  Fig.  1 1  we  have  shown  ftie  wrapped  phase  as  obtained  using  Egs.  11-12.  Because  the  unwrapped  phase  looks  sunilar  to 
q)(x,y)  shown  in  Fig.  9  (which  means  that  the  phase  recovery  was  good  enough),  we  have  chosen  to  illustrate  in  Fig.  13  the 
ttiffpTftnrft  between  the  input  phase  and  unwrajped  ouqrut  phase  as  a  measure  of  the  accuracy  of  the  mnnerical  approach. 
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5.  CONCLUSIONS 


The  p^r  shows  that  three  intenshy  records  can  be  numerically  processed  to  fully  recover  the  optical  field  distributioa  We 
have  also  shown  that  the  three  intensity  records  can  be  obtained  practically  using  a  standard  optical  arrangement  allowing 
optical  processing  in  the  Fourier  space  of  the  input  field.  Starting  from  a  simple  field  and  simulating  its  propagation 
followed  by  three  distinct  intensity  records,  we  have  demonstrated  the  overall  consistency  of  the  proposed  recovery 
algorithm. 
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Analysis  of  the  third  order  harmonic  generation  process  in  optical 
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ABSTRACT 

Based  on  the  coupled  amplitude  equations  model  in  this  paper  we  present  a  theoretical  analysis  of  the  third  order  harmonic 
generation  process  in  optical  organic  waveguides. 

Also,  we  report  the  experimental  conditions  which  must  be  accomplished  in  order  to  obtain  the  best  conversion  efficiency. 
The  obtained  results  can  be  used  for  the  design  of  the  optical  organic  waveguides  in  which  third  harmonic  is  generated. 

Keywords:  third  order  harmonic  generation,  organic  waveguides,  poled  polymers,  amorphous  and  oriented  polymers 

1.  INTRODUCTION 

After  the  development  of  the  high  power  lasers  in  the  last  twenty  years,  the  electric  field  intensities  (10^  ^  10^  V/cm) 
become  comparable  with  the  atomic  electric  field  intensities  (3-10^  V/cm).  The  interaction  between  such  strong  laser 
fields  and  matter  determines  changes  of  its  properties  because  of  the  nonlinear  effects  which  appear  . 

In  the  case  of  the  optical  waveguides  even  the  optical  powers  available  are  rather  small  (-  1  W),  due  to  their  small 
dimensions  (few  microns  in  width  and  depth,  respectively),  the  local  intensities  (/  =  P  /  A ,  where  P  represents  the  incident 

power  laser  and^  the  transversal  surface  of  the  waveguide)  become  appreciable  (-'10^  W/pm^  )  ^^ . 

Several  px)led  polymers  with  large  second  order  nonlinear  susceptibility  and  good  optical  quality  and  also  amoiphous  and 
oriented  polymers  yielding  good  optical  quahty  and  large  third  order  nonlinear  susceptibility  were  obtained  in  the  last 

years  ^ .  In  the  case  of  the  second  order  nonlinear  optical  properties  the  charge  transfer  molecules  with  large  fundamental 
state  dipolar  moments  are  used  while  the  px)lymers  are  us^  as  matrix  for  these  molecules.  For  third  order  effects  the  most 
suitable  are  the  conjugated  in  one  dimension  polymers  because  the  it  electron  cloud  leads  to  an  enhancement  of  the 
molecular  hyperpolarizabihty  tensor  component  in  die  jx)lymer  chain  direction. 

In  order  to  get  oriented  (ordered)  conjugated  polymer  thin  films  several  methods  were  elaborated,  like:  Langmuir-Blodgett 
technique,  shear  technique,  streching  technique  and  epitaxy  ^ . 

Taking  into  account  that  for  cubic  optics  there  are  no  thin  film  symmetry  requirements,  from  practical  point  of  view  the 
most  interesting  are  either  monooriented  thin  films  or  completely  disordered  (amoiphous)  ones.  In  the  first  case  one  obtains 
the  best  conversion  efficiencies  of  the  nonlinear  processes  while  in  the  second  one  the  best  optical  quality  of  the  thin  films. 

This  paper  is  organized  as  follows.  In  Sect.  2  are  presented  some  theoretical  considerations  concerning  the  coupled  wave 
equations  for  the  harmonic  amplitudes  which  describe  the  third  harmonic  generation  process.  Sect.  3  is  dedicated  to  the 
discussion  of  the  simulation  results  while  Section  4  deals  with  the  conclusions  of  this  paper. 

2.  COUPLED  WAVE  EQUATIONS  FOR  HARMONIC  AMPLITUDES 

The  phenomenological  description  of  the  nonlinear  effects  can  be  made  using  the  power  series  development  of  the  nonlinear 
polarization 
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where  E  represents  the  intensity  of  the  electric  field  and  are  the  second  and  third  order  nonlinear 

susceptibilities,  respectively. 

In  the  case  of  three  interacting  waves  having  the  fiequencies 

(a3=(aj+(D2  (2) 

the  second  order  nonlinear  effects  can  be  described  using  the  corresponding  nolinear  polarization: 


where  correspond  to  the  cartesian  co-ordinates.  The  second  order  nonlinear  polarization  acts  like  a  source  in  the 

MaxweU’s  equation: 


Vx(vx£) 


1  d'^E 


d^P 


dt^  dt" 


the  intensity  ofthe  emitting  radiation  being  proportional  with  X^^H®3|  • 


(4) 


If 

©1  =®2 

Eqs.  (2)  and  (3)  describe  the  second  order  harmonic  generation. 

For  four  interacting  waves  having  the  fi'equencies 

©4  =©j  +©2  +©3  (^) 


the  third  order  nonlinear  polarization  is: 

/;”^(®4,r)=^x|^(-®4;®l.®2>®3)=<^/(®lfe{®2)£i[(®3)®^fe  +*2  +k^-Vii4,^+C£.  (7) 


the  emitted  radiation  being  proportional  with  (-®4j®i>®2>®3’®4) 


If 


©j  =©2  =©3 


(8) 


Eqs.  (4)  and  (7)  describe  the  third  harmonic  generatioa 


Based  on  the  theoretical  models  presented  in  papers  one  considered  that  the  third  harmonic  in  an  organic  waveguide 
yielding  second  and  third  order  nonlinearities  (mixture  of  poled  polymer  and  oriented  (ordered)  conjugated  polymer)  is 
resulting  from  two  simultaneous  processes: 


where: 


1)  the  step  processes  involving  die  second  order  nonlinearity: 

©  4"  ©  — ^  2©  4"  Atj  —  ^2  "i"  ^^12 

©4-2©->3®  ;A:i  4-^2  =^3  +^123 

2)  the  direct  process  involving  the  third  order  nonlinearity: 

0  4-©4-©->3©,  i:j  4-^1  4-ij  =^3  4-AA:i3 

^13  =  ^12  +  ^123 


(9) 

(10) 

(11) 

(12) 
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In  the  plane  wave  approximation 


Ej  =  Aj  exp[i(a)y/-ty2)]  (13) 

fipom  Maxwell’s  Eq.  (4)  with  the  polarizabilities  expressed  (3)  and  (7)  the  following  set  of  differential  equations  for 
coupled  anq)htudes  of  the  interacting  waves,  in  a  lossless  medium,  are  obtained  in  the  form  ( y  ^  1,  2,  3 )  : 


-  -vy\Ai  A2  exp(/Ai2z)-i<T  11^2^3  exp(iAi23z)-iCT( exp(iAi3z) 


44 


dz 


—  =  -ia2^i^  exp(iAi2z)-iCT2^i^3  exp(-iAi23z) 

7 


where 


^  =  -ia3^j  A2  exp(-iAi23z)-/CT3Jj^y43  exp(-iAi3z) 

CTj  - ! Fcny,  Oj  =(iTassf^ ! Fcn^,  Ol  ! Fcn^ 

CTj  IFcn2,  ol  =6Tmx^^ ! Fcn2 


Oj  =  Atoux^^  ! FcTi'i,  al  =6JKDX^^^/Fcn3. 


(3), 


(14) 

(15) 

(16) 

(17) 

(18) 
(19) 


In  Eqs.  (14)-(19)  |y4yj  directly  measures  in  Watts  the  power  carried  by  the  y -th  modes,  Uj  is  the  nonlinear  refiactive- 
index  and  F  is  the  overly  integral. 

For  the  numerical  integration  of  Eqs.  (14)-(16)  we  introduced  the  real  amplitude  and  phase  of  the  waves 

^  y  (^)  =  ^y  (^)exp[i0  j  (z)]  (20) 

and  also  the  normalized  corresponding  amplitudes 

«y(^)=^yW/^i{o)  (21) 

and  normalized  distance,  respectively 

z=za24^(0).  (22) 


We  obtained  the  following  equations  for  the  normalized  amplitudes,  Oj ,  and  phases,  0y : 

^r  =  “^io<*i^2  sin'P-iCT'ioa2"3  sin(<l>-'P)-cj'io«fa3  sinO-aloai 
dz 

dcio  o  '  /  \  " 

— ^  =  CT2o<ii  sin'P-a2o<iia3sin(4)-'F)-CT2oa2 

dz 


das 

dz 


=  CT3oaj  sind)+a3oaia2  sin(0-^)-CT3oa3 


(23) 

(24) 

(25) 


dT  ~ 

A12  + 


^20  - ^^10^2 

^2 


do  ^ 


where 


H 

^30 - 

^3 


“ f ^20  —  ^^10  cos(0 - 'F)- cos  O  (26) 

V  ^2  J 

os<D-  030  -^^^-3010  cos(«>-'F)-3cJioa2  cos Y  (27) 

V  ^3  J 


'F  —  20j^  “^2  — ^12“^ 

0  =  301  ~^3  ~^13^ 

^^1  '  G|  «  0^1  m  Otl 

CTjO  =  T7T>  ^10  =  T7T»  ^10  = - >  <^10 


-  J7T>  ^10  " - >  ^10  - - ^TTT 

03^1(0)  ^34(0)  ^3  <J3V(0) 


(28) 

(29) 

(30) 
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(31) 


1  I  02  "  ^2 

®20  =  i/\>  <^20  =  TTTT’  ®20  =  757^ 

^l(o)  «y34(o)  «^3V(o) 

,  _•  1  _"  “3 

«^30  =1.  <^30 -—r^’  ^20  -  7^ 

4(0)  CJ3A1  (0) 


^12  = - ^13  -• 
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CT34^(o)’  O3^i^(0) 

In  Eqs.  (30H32)  a.  j  characterizes  the  losses  of  the  j  -th  modes. 


(32) 

(33) 


3.  DISCUSSION  OF  THE  NUMERICAL  RESULTS 

For  the  tuimpriral  integration  of  the  coupled  amplitude  equations  (23)-(27)  which  describe  the  third  order  harmonic 
generation  process,  the  following  initial  conditions  were  assumed: 


ai(0)=l,  a3(0)= 05(0) =10-5;  »p(o)=<l)(o)=10-5.  (34) 

We  considered  that  the  fimdamental  power  density  of  a  Nd:glass  laser  punq)ing  radiation,  (X  =  1.06  jim),  is 

10*  W/cm^ .  The  parameters  utilised  for  the  integration  of  the  coiq)led  anq>litude  equations  correspond  to  a  mixed 
structure;  polymers  (used  as  matrix)+charged  transfer  molecules.  In  the  calculation  of  the  nonlinear  coefBcients  (17H19) 
we  used  the  following  values  for  the  second  and  third  order  nonlinear  susceptibilities,  respectively; 

=8.2x10-*5  m^AV^  and  =1-4x10-**  m^AV^ .  The  loss  coefficients  were  estimated  to  3  dB/cm  both  for  the 
fimdamental  and  for  the  second  and  third  harmonic  radiations  and  the  effective  area  was  considered  about  F  « 10pm  . 


^  3 

The  best  conversion  efficiency  of  the  third  harmonic  generation  (~  20  %)  was  obtained  for  a  normalized  distance  z  =  10  , 
(corresponding  to  a  length  of  the  waveguide  of  about  1  cm),  when  the  normalized  wave  vector  mismatches  are 

Ai2  =  Ai3  =  0  (phase  matching)  (Fig.  1). 

Taking  into  account  the  losses  and  the  effects  of  the  wave  vector  mismatches  (L  e.  A12  =  -0.012 ,  A13  =  -0.004  (Fig.  1), 
Ai2  =-0.012,  Ai3  =-0.005  (Fig.  2),  A12  =-0.012,  A,3  =  -0.04,  a  =  0.01,  (Fig.  3),  we  obtained  much  smaller 
conversion  efficiencies. 


Fig.  1  Ihe  dependence  of  the  nonnalized  amplitudes  of  the  fundamentel,  second  and  third  order  harmonics  for:  Aj2  -  0 ,  Aj3  -  0 

and  Ai2  =  -0.012,  A13  =  —0.004 . 
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ilg.  2  The  dependeace  of  the  normalized  ampHtudes  of  the  fundamental,  second  and  third  order  harmonics  for:  A12  =  0 , 

Ai3  =“0.005  and  A12  =-0012,  =-0005 

Good  conversion  efficiencies  15  %)  corresponding  to  the  third  harmonic  generation  process  were  obtained  even  for  rather 
low  values  of  the  incident  laser  intensities  (10^  W/cm^ )  when  there  are  no  wave  vertor  mismatrhRs  ( Aj2  =  0 ,  Ajj  =  0 
and  Ai2  =  -0.012,  Ajs  =0  (Fig.  4)). 


Fig.  3  The  dependence  ofthe  normalized  amplitudes  ofthe  fundamental,  second  and  Ihird  order  harmonics  for  A12  =-0.012, 

Ai3  =-0.04,  a  =  0.01. 


4.  CONCLUSIONS 

In  this  paper  we  present  a  theoretical  analysis  of  the  third  harmonic  generation  process  in  optical  organic  waveguides.  By 
numerical  integration  of  the  coupled  amplitude  equations  we  have  obtained  flie  conditions  which  must  be  accomplished,  for 
normalized  wave  vector  mismatches  and  for  normalized  distance  in  order  to  obtain  the  best  conversion  efBciency. 
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Kg.  4  The  of  the  normalized  amplitudes  of  the  fundamental,  second  and  third  order  harmonics  for  A12  -  0 ,  A13  -  0 

and  Aj2  =  —0.012 ,  A[3  =  0 . 

The  simulation  lesults  can  be  used  for  the  selection  of  those  organic  structures  (mixture  of  poled  polymer  pd  oriented 
(ordered)  conjugated  polymer)  and  experimental  parameters  (incident  power,  waveguide  length,  wavevector  mismatch  etc.) 
which  assure  the  best  conversion  efficiency  in  the  third  order  harmonic  generation  process  in  optical  organic  waveguides. 
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ABSTRACT 

The  present  paper  investigates  the  dependence  of  local  emissivity,  for  two  spectrum  lines  of  helium,  upon  the  location 
within  a  stationary  double  layer.  The  experimental  results  are  explained  starting  from  a  new  phenomenological  model, 
which  takes  into  account  the  non-elastic  interactions  between  the  accelerated  electrons  and  the  atoms  of  the  working  gas. 

Keywords:  double  layers,  local  emissivity,  non-elastic  processes,  spectroscopic  methods 

1.  INTRODUCTION 

In  order  to  investigate  the  medium  within  double  layers,  the  method  of  (electrostatic  or  emitting)  probes  is  currently  used^ 
As  double  layers  are  strongly  influenced  by  the  properties  of  the  solid  bodies  that  bound  the  ionised  medium  these  are 
formed  in,  the  displacement  of  the  probe  can  determine  significant  alterations  of  the  double  layer  parameters.  It  is  for  this 
reason  that  the  results  provided  by  the  methods  based  upon  probes,  in  the  field  of  double  layers,  must  be  regarded  with 
reservation. 

Unlike  the  methods  using  probes,  the  optical  methods  have  the  essential  advantage  of  not  significantly  perturbing  the 
double  layer.  Obviously,  the  method  of  investigating  the  double  layer  structure  through  the  analysis  of  the  radiation 
emitted  by  the  double  layer  does  not  allow  the  direct  emphasising  of  the  local  physical  parameters  which  characterise  the 
double  layer  (the  electric  potential,  electric  charge  densities,  the  average  energy  of  the  electrons,  etc.).  That  is  why  the 
emphasising  of  the  double  layer  structure  through  this  method  is  in  close  connection  to  the  theoretical  model  used  for 
explaining  the  appearance  of  this  type  of  self-organisation  of  matter.  The  present  paper  investigates  the  dependence  of 
lo^  emissivity,  for  two  spectrum  lines  of  helium,  upon  the  location  within  a  stationary  double  layer. 

2.  THE  EXPERIMENTAL  DEVICE  AND  THE  EXPERIMENTAL  RESULTS 

2. 1.  The  experimental  device 

We  started  in  conceiving  and  realising  the  experimental  device  from  the  mechanism  of  producing  the  double-layer.  In 
keeping  with  this  mechanism,  there  has  to  be  a  source  of  electrons  having  as  low  energy  as  possible,  as  well  as  area  for 
their  acceleration.  Proceeding  from  this  idea,  we  made  up  the  experimental  device  presented  in  Fig.  1 . 

Al  the  left  of  this  figure  can  be  seen  the  plasma  source.  As  can  be  noticed,  it  includes  a  hollow  cathode  which  allows  for  a 
high  value  current  to  be  obtained  at  a  low  burning  tension.  This  is  extremely  important  because,  as  is  generally  known, 
only  the  slow  electrons  are  useful  in  the  production  of  the  electric  charge  structure.  In  order  to  facilitate  the  passing  of  the 
cathode  electrons  towards  the  acceleration  zone,  we  used  a  ring  electrode  as  the  anode. 

At  the  ri^t  of  Fig.  1  can  be  seen  the  area  of  electron  acceleration.  This  region  is  composed  of  a  metal  grid  and  an 
electron-collecting  plate. 
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As  a  working  gas  is  used  high-purity  helium.  The  working  pressure  was  selected  within  the  interval  0. 1-1  torr. 


2.2.  Experimental  results 

If  the  pressure  in  the  discharge  tube  and  the  parameters  of  the  plasma  source  are  kqjt  con^nt,  for  a  certain  anode-grid 
HictannP!  the  volt-ampere  characteristic  of  the  area  of  generation  of  the  structure  is  obtained.  Such  a  characteristic  is 
presented  in  Fig.  2. 


Fig.l  Experimental  set-up 

In  the  EF  region  of  the  volt-ampere  characteristic,  a  stationary  double  layer  is  formed  in  ftont  of  the  grid.  In  these 
o>p<tirinns  probe  measurements  can  be  made  in  order  to  evince  the  properties  of  the  medium  within  the  ^cture.  By 
moving,  by  means  of  the  screw  of  the  micrometer,  the  probe  along  the  axis  of  the  plate,  and  thus  determining  for  each 
point  the  potential  of  the  place,  we  could  establish  its  dependence  on  the  distance  from  the  plate  bottom.  In  Fig.  3,  such  a 
dependence  is  shown,  when  the  woridng  point  of  the  installation  lies  within  the  DBF  region  along  the  volt-ampere 
It  is  found  that,  in  front  of  the  plate,  there  is  an  increase  of  the  potential.  In  the  figure,  the  potential  of  the 
plate  is  considered  as  the  reference  potential.  The  distances  are  measured  from  the  bottom  of  the  plate. 

The  of  the  intensity  of  the  two  spectre  lines  of  helium  under  investigation  along  the  double  layer  is  presen^ 

in  Fig.  4.  The  mavimiim  of  the  intensity  of  the  spectre  line  of  501.6  m  is  found  to  appear  before  the  667.8  nm  radiation 
reaches  the  extreme  value. 

By  stuifying  the  radial  dependence  of  the  intensity  of  the  light  emitted  Ity  the  structure,  we  can  determine,  by  means  of  the 
formula^: 


s(r) 


1  t  r(x)dx 

“*  J  7  ’ 


(1) 
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Fig.2  The  current-voltage  characteristic. 


Fig.3  Distribution  of  potential  inside  the  double-layer. 


where  DCr)  is  the  local  plasma  emissivity  at  a  distance  r  from  the  plasma  center,  r(x)=dl(x)/dx  and  I(x)  represent  a  set  of 


Fig.4  Dependence  of  spectral  lines  intensity 
upon  the  distance  to  the  plate. 
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Fig.5  Dependence  of  relative  emissivity 
upon  the  distance  to  the  axis  of  the 
discharge  tube. 
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Fig.6  Dependence  of  local  relative  emissivity  on  Fig.  7  Dependence  of  local  relative  emissivity  on 

the  location  within  the  double  layer,  for  the  the  location  within  the  double  layer,  for  the  667.8 

501 ,6  mn  radiation  of  He  nm  radiation  of  He 
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time-integrated  values  measured  at  distance  x,  the  dependence  of  the  local  emissivity  upon  the  distance  to  the  axis  of  the 
discharge  tube.  In  Fig.  5  is  presented  the  dependence  of  the  relative  local  emissivity  upon  the  distance  to  the  axis  of  the 
discharge  tube.  The  continuous  line  indicates  the  dependence  of  the  relative  electron  concentration  upon  the  distance  to  the 
axis  of  the  discharge  tube,  as  resulting  from  Schottky’s  theory  on  the  positive  column. 

By  combining  the  axial  as  well  as  radial  experimental  results  on  the  intensity  of  spectre  lines,  a  fairly  suggestive  two- 
dimensional  representation  can  be  given  of  the  emissivity  of  the  mediiun  within  the  structure,  for  the  two  qjectre  lines 
^indf-r  investigation.  In  Figs.  6  and  7  is  represented,  along  the  horizontal  axis,  the  normalised  zli^,  distance,  considering 
the  origin  of  the  axes  in  the  point  where  the  radiation  of  501.6  nm  has  the  maximum  intensity,  and,  along  the  vertical  axis, 
the  normalised  r/R  radius. 

3.  THE  PHENOMENOLOGICAL  INTERPRETATION  OF  THE  EXPERIMENTAL  RESULTS 

In  order  to  be  able  to  account  for  the  experimental  results  presented  in  the  previous  section,  we  shall  have  recourse  to  the 
phenomenological  model  presented  in^  In  what  follows,  we  shall  make  a  new,  nut-shell  presentation,  of  this  model. 

By  closing  the  plate  circuit,  through  the  aRjlication  of  an  electric  field  between  the  grid  and  the  plate,  a  part  of  the  grid 
electrons  make  for  the  plate. 

When  the  energy  of  the  accelerated  electrons  in  the  applied  field  reaches  values  corresponding  to  the  excitation  potential  of 
the  gas  atoms,  part  of  them  collide  with  the  atoms  non-elastically.  The  electrons  having  produced  atom  excitation 
aroimiiiatp  in  fixjnt  of  the  plate  in  the  shape  of  a  stratum  of  neptive  electric  charge.  In  case  the  potential  difierence 
between  the  grid  and  the  plate  is  greater  than  the  ionization  potential  of  the  ps  atoms,  a  part  of  the  electrons  which  did 
not  lose  their  energy  through  excitation  collisions  may  produce  ionizations  of  the  atoms  near  the  plate. 

In  case  the  number  of  the  ionization  processes  per  time  unit  becomes  significant,  the  resistance  of  the  ps  column 
comprised  between  the  grid  and  the  plate  gets  down.  Under  these  conditions,,  the  electric  tension  &lling  within  the 
electrons  acceleration  zone  is  diminished,  thus  resulting  in  a  neptive  slope  of  the  volt-ampere  characteristic.  This  is 
beginning  in  the  A  point  along  the  characteristic. 

If  the  rate  of  generating  ions  exceeds  a  critical  value,  the  processes  of  difiiision  and  drift  can  no  longer  compensate  the 
accumulation  of  positive  ions.  In  these  conditions,  within  the  region  in  the  neighbourhood  of  the  plate  where  the  cross- 
section  of  gas  atom  ionization  has  the  maximal  value,  a  positive  electric  charge  distritnition  begins  to  evolve. 

The  distribution  of  positive  electric  charge  interacts  with  the  distribution  of  neptive  electric  charge  (which  is  positioned 
around  the  zone  in  which  the  cross-section  of  ps  atoms  excitation  is  maximal),  thus  generating  a  double-layer.  As  a  resdt 
of  the  electrostatic  interactions,  the  locations  of  the  neptive  spatial  layer  and  that  of  the  positive  spatial  layer  ctonge  in 
the  opposite  direction  of  the  other  electric  field.  Having  an  effect  similar  to  the  forces  of  superficial  tension,  the 
electrostatic  forces  tend  to  bring  the  double-layer  to  the  same  form  as  the  area  of  the  minimal  surface. 

Upon  the  appearance  of  the  spheric  structure,  the  intensity  of  the  electric  current  passing  through  the  plate  is  sudcfe^y 
increased  as  a  result  of  the  enlargement  of  the  effective  area  of  electron  collecting,  as  well  as  the  increase  in  the  ionization 
rate.  As  the  average  values  of  the  rates  of  the  excitation  and  ionization  processes  corresponding  to  the  BC  area  do  not 
permit  maintaining  the  spheric  structure,  the  latter  comes  back  to  the  plane  shape.  This  can  be  accounted  for  by  the  feet 
that  the  pcing  to  the  spheric  layer  only  takes  place  when  the  rate  of  the  excitation  and  ionization  processes  exceeds  a 
critical  value.  Because  those  processes  have  a  statistic  character,  the  moment  of  the  passing  finm  the  plane  layer  to  the 
spheric  layer  is  not  well  defined,  as  was  experimentally  proved. 

The  ions  resulted  from  the  ionization  processes  near  the  plate  migrate  to  the  grid.  A  part  of  them  can  recombine,  on  the 
glass  wall,  with  the  electrons,  while  the  other  part  of  them  reach  the  negative  electric  charge  zone  near  the  grid.  As  a 
result  of  the  increase  in  ions  concentration  near  the  grid,  the  slowing  down  electric  field  for  the  electron  decreases.  This 
i<»fl(ts  to  an  inicreasft  in  the  electronic  current  that  goes  to  the  plate.  The  increase  of  the  electrons  flux  getf  ng  to 
the  grid  amplifies  the  rate  of  the  excitation  and  ionization  processes.  If  the  overrate  of  excitations  and  ionizations  is 
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significant,  the  new  transition  firom  the  plane  stratum  of  negative  charge  to  double-layer  is  determined  the  previons 
transition.  Over  a  certam  value  of  the  intensity  of  the  plate  current,  the  above  mentioned  mechanism  becomes  so  intense 
that,  the  transitions  fi'om  the  negative  charge  stratum  to  the  electric  charge  structure  become  perfectly  coherent.  This 
phenomenon  can  experimentally  observed  when  it  gets  over  point  C  on  the  characteristic. 

If  the  flux  of  electrons  reaching  the  plate  exceeds  a  certain  value,  the  processes  of  excitation  and  ionization  allow  for  the 
making  of  a  stationary  structure,  as  the  oscillations  in  the  plate  circuit  cease. 

The  distributions  of  electric  charge  that  make  up  the  stationary  double-layer  achieve  alterations  of  the  electric  potential  in 
front  of  the  plate.  In  conformity  to  Poisson’s  equation,  within  the  space  region  in  which  there  is  a  distribution  of  negative 
electric  charge,  the  second  order  derivative  of  the  potential  must  be  positive,  and  within  the  region  in  which  the  charge 
distribution  is  positive,  the  second  order  derivative  of  the  potential  is  negative.  Moreover,  the  electric  potential  within  the 
positive  charge  region  must  be  higher  than  that  in  the  surrounding  regions.  The  experimental  results  referring  to  the 
potential  distribution  in  fl-ont  of  the  plate  area  are  in  keeping  with  what  was  previously  said.  The  feet  that,  within  the 
region  in  which  the  electric  potential  exhibits  a  maximum,  there  is  an  agglomeration  of  the  positive  ions  is  proved  -  in  a 
direct  maimer,  too  -  the  fact  that  within  that  region  there  exists  a  maximum  of  the  ionic  probe  current  of  saturation. 

The  distributions  of  the  emissivity  for  the  two  spectre  lines  under  investigation  come  as  a  confirmation  of  the  theoretic 
model  presented  in^’  ^  In  fact,  the  spectre  line  of  501.6  nm,  with  the  excitation  energy  of  23.09  eV  appears  as  a 
consequence  of  the  excitations  through  inelastic  collisions  between  the  Helium  atoms  and  the  electrons.  Consequently,  in 
the  region  where  the  emissivity  for  the  line  of  501.6  nm  is  maximal,  an  electron  agglomeration  is  bound  to  form.  The 
667.8  nm  line  appears  primarily  as  a  result  of  the  processes  of  re-combination  of  the  helium  ions  on  superior  energy  levels, 
followed  a  transition  from  level  3D'  to  level  2P'.  Therefore,  in  the  region  where  this  line  is  intense,  there  is  aii 
agglomeration  of  positive  ions.  Taking  as  a  basis  these  considerations,  we  can  admit,  with  a  fair  approximation,  that  the 
surfaces  on  which  the  emissivities  are  constant  are  also  those  surfaces  on  which  the  concentrations  of  electrons  and  ions, 
respectively,  are  constant.  The  fact  that  the  two  spectre  lines  do  not  have  the  same  position  of  the  intensity  mavimnm 
proves  that  the  cross-sections  of  excitation  and  ionisation  reach  their  maximum  values  in  distinct  places,  which  is 
essential,  in  keeping  with  the  previous  theory,  for  the  double  layer  to  form. 

4.  COMMENTS 

The  diagnose  of  the  spatial  electric  charge  structures  can  be  effected  through  of  the  sounding  method,  and  also  by  means  of 
analysing  the  light  emitted  the  structures.  Either  method  presents  advantages  as  weU  as  disadvantages.  The  main 
advantages  of  the  sounding  method  are:  simplicity  of  the  experimental  device  and  the  direct  determination  of  the  local 
physical  parameters  of  the  medium.  The  main  disadvantage  is  coimected  with  the  perturbing  of  the  physical  properties  of 
the  medium  in  which  the  sound  is  introduced.  In  the  case  of  the  double  layers,  that  perturbation  can  be  essential. 

The  method  based  on  the  analysis  of  the  properties  of  the  radiation  emitted  the  double  layer  has  the  disadvantage  of 
using  a  more  expensive  experimental  device,  as  well  as  the  fact  that  the  experimental  results  do  not  directly  provide  the 
local  ph3^ical  parameters  of  the  medium  under  investigation.  The  advantages  of  the  spectre  method,  imlilcft  the  procedure 
based  on  the  probe  method,  are  determined  by  the  fact  that  the  structure  is  not  perturbed  and  also  the  possibility  of 
scanning  the  whole  structure,  which  is  rather  diflicult  to  do  practically  by  moving  a  probe. 
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ABSTRACT 

Our  paper  studies  the  influence  of  the  irradiation  by  fast  electrons  on  the  characteristic  properties  and  microscopic 
parameters  of  certain  MOSFET  transistors  with  p-induced  channel  (ROS05).  Using  the  experimental  data,  an 
appropriate  theoretic  model  and  an  optimization  method,  the  following  specific  parameters  were  computed  for  the 
irradiated  and  un-irradiated  samples:  the  electron  mobility,  the  Fermi  energy  value,  as  well  as  the  saturation  voltage 
and  the  changing  of  the  drain  channel  length. 
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lo  INTRODUCTION 

Our  paper  studies  the  influence  of  the  irradiation  by  fast  electrons  on  the  characteristic  properties  and  microscopic 
parameters  of  certain  MOSFET  transistors  with  p-induced  channel  (ROS05).  The  integrated  MOS  type  circuits  are 
widely  used  in  the  production  of  logical  circuits  with  high  commutation  speed  and  low  energy  consume. 

Using  the  experimental  data,  an  appropriate  theoretic  model  and  an  optimization  method,  the  following  specific 
parameters  were  computed  for  the  irradiated  and  un-irradiated  samples:  the  electron  mobility,  the  Fermi  energy 
value,  as  well  as  the  saturation  voltage  and  the  changing  of  the  drain  channel  length. 

Our  work  thus  connects  two  interesting  features  of  these  devices: 

the  variation  of  the  main  characteristics  of  the  MOS  transistors  after  the  irradiation  with  fast  electrons; 

changing  of  the  microscopic  (Fermi  energy,  electron  mobility)  and  macroscopic  (length  of  the  drain  channel, 
saturation  voltage)  parameters  under  the  same  conditions. 

2o  EXPERIMENTAL  METHOD 

The  transfer  and  output  characteristics  of  the  transistors  were  traced  at  constant  temperature  (T=30''C,  obtained 
with  a  UlO  type  thermostat)  using  a  KIPP-ZONEN,  BD30  X-Y  recorder  and  high  precision  digital  voltmeters  of 
the  HP  3480A  and  KEITHLEY  161  type. 

The  irradiation  was  performed  using  fast  electrons  (  3  MeV  ),  the  dose  was  10  MRd  (  10^  Gy  )  and  the  exposing  time 
had  a  16  minute  value.  For  the  output  characteristics  recording  the  Vos  voltage  was  kept  constant  while  modifying 
Ubs- 

The  transfer  characteristics  proved  to  have  a  strong  displacement  in  the  sense  of  increasing  the  threshold  voltage 
from  4-5  V  up  to  20-25  V .  The  slopes  of  the  characteristics  were  practically  unmodified  and  this  seems  to  be  a  result 
of  the  accumulation  of  the  positive  charge  in  the  oxide  layer  placed  between  the  ’’gate”  and  the  substrate  of  the 
transistors. 

The  fast  electrons  which  cross  this  layer  during  the  irradiation  process  provoke  the  ionization  of  the  atoms  and  a 
secondary  electron  emission  from  the  oxide  layer  which  finally  leads  to  the  accumulation  of  the  positive  charge  in 
the  oxide.  This  positive  charge  creates  an  electric  field  which  has  a  major  contribution  in  the  transfer  characteristics 
displacement  towards  high  voltage  values. 
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Fig.l  Experimental  characteristics  of  uniradiated  (squares)  and  irradiated  (circles)  samples 

3.  THEORETICAL  STUDY  AND  COMPUTER  SIMULATIONS 

The  general  form  of  the  model/  /  ^  we  used  in  the  study  of  the  intensity-voltage  characteristics  is  given  by. 

2 

Id  =  Y.  +  ft  {Vds  + 

i=0 

If  we  chose  the  parameters  Pi  (for  z  =  0, 4)  as: 

^  3/2 

Po  = 

Pi  =  ^GS^l 

ft  =  -ixi 

„  2 

P3  =  -2X2X1 

Pi  -  X3 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 


with: 

fXn^d^ 

Xi  =  “7 - 

Lwi 

X2  =  — -  '\/2eesNa 
ed 


X3  =  2  • 

then  we  obtain  the  well-known  expression  of  the  intensity: 

/p  =  xi  •  |vg5  •  Vds  —  ~  3^2  *  [(Vds  +  2:3)  ^  —  x^!  j  | 


(7) 

(8) 

(9) 

(10) 
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''ds<V> 

Fig«2  Experimental  and  theoretical  characteristics  for  uniradiated  samples 

On  the  other  hand,  the  results  of  the  simulation  (fig.  2,  3)  based  on  (10)  for  the  values  of  the  microscopic  parameters,^ 
^  lead  us  to  the  conclusion  that  for  the  analyzed  MOS  transistors  the  hypothesis:  Vds  «  2(t>F  is  verified. 


''dsM 

Fig»3  Experimental  and  theoretical  characteristics  for  irradiated  samples 


This  allows  us  to  use  a  simpler  model  of  the  intensity- voltage  characteristics  having: 


with  j  =  3, 4  and 


giving: 


P,=0 

Pi  =  X2  (Vgs  -  Xi) 

P2  =  -lx, 


(11) 

(12) 

(13) 
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(14) 


—  (^5  ”  ^l)  Vos  —  2^DS 

where  ^ 

^2  =  ^MnO) 

and  - 

Xi  =  24>f  +  -^  [2esqNa  (16) 

the  Fermi  potential  being  measured,^  ^  with  respect  to  the  middle  of  the  un-allowed  energy  band. 

Here  Xi,X2  depend  on,®  the  acceptors  concentration  iVa,  the  electron  mobility  the  dielectric  constants  of 

the  layers,  the  MOS  transistor  width,  the  oxide  layer  width,  the  length  of  the  channel  between  source  and  drain 
contact  L,  the  Fermi  potential  4>f^ 

The  parameters  Pi  (i  =  1, 4)  were  obtained  from  the  comparison  of  the  experimental  and  theoretical  I-U  curves,  by 
minimizing  the  test  function: 

F  =  J2l.^D{Vhs)-Ih]'  (1^) 

i=l 

where  /p  are  the  experimental  values  and  the  function  lo  (Vp^)  is  defined  by  the  theoretical  models  (10)  and 
(14)  respectively. 
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Fig.4  Transfer  characteristics  at  different  Vos  values  for  irradiated  samples 

Consequently,  the  mobility  (fin)  and  the  Fermi  energy  (0f)  were  calculated  for  the  given  transistors,  both  before 
and  after  the  irradiation  process  and  for  different  values  of  VgS‘ 
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FigoS  Transfer  characteristics  at  different  Vjos  values  for  unirradiated  samples 

Moreover,  the  saturation  voltages  (V"sot)  were  calculated,  for  the  experimentally  measured  saturation  currents  {Igat)-) 
using  a  dependence  of  the  type  [3]: 


This  made  possible  to  compute  the  decreasing  of  the  drain  channel  length 


Fig.6  Experimental  and  theoretical  (using  the  first  model)  characteristics 
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4.  RESULTS  AND  CONCLUSIONS 

The  experimental  I-U  characteristics  and  the  theoretical  curves  are  presented  in  fig.  1  -  fig.  5,  for  a  ROS05  transistor, 
Vos  —  -12V,  unirradiated  and  irradiated  respectively. 

The  results  of  our  nonlinear  fitting  proccedure  gave  us  two  sets  of  parameters: 

a)  using  the  first  model,  the  following  values  were  computed,  for  the  irradiated  and  unirradiated  samples; 

Parameters 

P0/P2 
PolPz 

P3/P2 

b) using  the  second  model,  the  corresponding  values  were  obtained: 

Parameters 

Pi 
P2 

The  calculated  values  of  the  ’’Fermi  potential”  (0.021  eV  )  and  of  the  Xi  parameter  in  the  second  model  which 
depends  on  the  acceptors  concentration  are  unchanged  under  the  electron  irradiation  process. 

By  contrast,  the  electrons  mobility  was  proved  to  be  modified  as  a  result  of  the  irradiation  process,  its  value  being 
decreased  from  :  0.17004  m'^/Vs  down  to  0.00322  m^/Vs  for  Vas  =  -121^  while  the  change  of  the  drain  channel 

length  was  6AL  =  12.014  A  therefore  showing  a  good  agreement  with  the  experimental  and  phenomenological 
analysis. 

In  conclusion,  our  results  showed  a  decreasing  of  the  electron  mobility  after  irradiation  process  while  the  Fermi 
energy  was  not  changed,  both  parameters  depending  also  on  the  Vas  value. 
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ABSTRACT 

Starting  from  the  experimental  channeled  spectra  I  (A,T)  of  the  nematic  EBBA  liquid  crystal  and  using  a  nonlin¬ 
ear  optimization  algorithm,  we  computed  the  dispersion  curves  of  the  ordinary  and  extraordinary  indices,  of  the 
birefringence  and  the  band  contributions  to  these  dependencies,  as  functions  of  the  temperature.  The  theoretical 
interpretation  of  the  spectra  and  the  data  processing  technique  allowed  us  to  compute  the  realistic  variation  of  the 
order  parameter  S  and  correction  factor  g  with  the  same  external  parameter. 

Keywords:  EBBA  liquid  crystals,  channeled  spectra,  dispersion  curves,  temperature  dependence,  order  parameter. 

lo  INTRODUCTION 

The  characteristics  of  optical  liquid  crystal  devices  are  determined  by  the  refractive  indices  of  the  materials,  thus 
the  understanding  of  the  relation  between  refractive  indices  and  molecular  properties  is  necessary  in  improving  the 
design  of  new  liquid  crystal  materials.  Knowing  the  refractive  indices  dependence  on  temperature  is  also  important 
in  computing  the  order  parameter  dynamics  which  has  the  main  role  in  mesophase  identification,^  ? 

The  temperature  mesogenic  range,  dielectric  constant,  birefringence,  photo  and  chemical  stability  are  the  most 
important  physical  properties  of  nematic  liquid  crystals  for  electro-optical  application.  Most  liquid  crystals  are 
non-absorbent  in  the  visible  spectra  region  and  their  refractive  indices  only  weekly  depend  on  the  light  wavelength. 
The  dispersion  of  the  refractive  indices  is  determined  by  the  electronic  absorption  bands  where  the  refractive  index 
has  a  strong  variation  with  the  wavelength,^  ^ 

In  this  paper  we  derive  the  ordinary  and  extraordinary  indices  dispersion  as  well  as  the  birefringence  dispersion  of 
EBBA  nematic  liquid  crystal  at  different  temperatures.  We  have  also  studied  the  absorption  bands  contributions  to 
these  dispersion  curves,  the  order  parameter  S  and  correction  factor  g  as  functions  of  temperature. 

The  available  experimental  methods  for  measuring  indices  dispersion  provide  discrete  or  quasicontinuum  spectra, 
the  latter  having  obvious  advantages.  We  improved  the  experimental  set-up  of  the  Talbot-Rayleigh  method^  and 
we  propose  a  rigorous  interpretation  and  data  processing  technique,  in  order  to  increase  the  accuracy  and  to  reduce 
the  computation  time,  obtaining  the  spectra  dependence  on  temperature  as  an  external  parameter,  in  addition. 

Moreover,  the  higher  precision  optimization  method  described  in  this  paper  eliminates  the  necessity  of  the  mea¬ 
surements  based  on  the  so-called  ’’reference  point”  and  generates  all  the  parameters  needed  in  the  calculation  of 
birefringence  dispersion,  bands  contribution  and  order  parameter  temperature  dependence. 

2o  EXPERIMENT  AND  COMPUTER  SIMULATIONS 

We  measured  the  I  (A)  spectra  of  the  nematic  EBBA  liquid  crystal  at  different  temperature  values,  for  both  crossed 
and  parallel  polarizers,  by  using  an  experimental  set-up  of  the  Talbot-Rayleigh  type®  with  several  constructive 
improvements  and  a  different  method  of  establishing  the  wavelength  -  coordinate  correlation. 

The  experimental  method  consists  of  recording  the  channeled  interference  spectrum  in  a  diffraction  order  of  the  white 
light  source,  after  the  initial  beam  had  been  split  in  two  components,  only  one  of  them  passing  through  the  anisotropic 
sample.  The  data  acquisition  is  performed  by  a  CCD  linear  array  with  short  response  time  appropriate  for  unstable 
conditions.  Our  experimental  set-up  was  improved  with  respect  to  the  standard  Talbot-Rayleigh  interferometer,® 
by  the  following  features. 
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Firstly,  the  cell  was  half  filled  by  capilarity  with  uniaxial  EBB  A  nematic  liquid  crystal  ((p-etoxybenzylidene-)-p“ 
n-butylaniline),  using  a  180  fim  thick  glass  plate  inserted  into  the  cell  as  a  separator  and  as  a  reference  material, 
being  in  contact  with  the  top  surface  of  the  liquid  crystal.  On  the  other  hand,  the  effect  of  the  reference  material 
was  cancelled  by  introducing  a  compensatory  plate,  made  from  the  same  glass  as  the  separator  and  having  the  same 
thickness,  placed  in  front  of  the  liquid  crystal  cell. 

An  other  characteristic  of  our  technique  is  our  solution  to  eliminate  the  uncertainty  of  the  usual  method  in  the 
correlation  between  the  ^-coordinates  in  the  output  plan  and  the  wavelength  values.  In  this  purpose,  we  measured 
the  x-positions  of  the  diffraction  maxima  by  a  CCD  linear  array  for  10  dichroic  filters  and  drew  the  resulted  x  (A) 
curves.  The  auxiliary  measurements  (T,  A)  and  polarized  absorption  spectra)  imposed  by  the  previous  methods 
which  were  based  on  the  determination  of  the  channel  orders  in  the  I  (A)  spectra®  were  eliminated  due  to  our  modified 
data  interpretation  and  processing. 

In  order  to  obtain  the  ne,o  dependencies,  we  developed  a  non-linear  I  (A)  curve  fitting  procedure  based  on  a 

Levenberg-Marquart  minimization  algorithm.  This  aim  is  in  turn  accomplished  only  after  the  theoretical  expression 
of  the  intensity  is  calculated. 

The  first  step  of  our  procedure  establishes  this  function,  starting  with  the  amplitude  of  an  arbitrary  wave  emerging 
from  a  point  that  has  an  arbitrary  x-coordinate,  under  the  diffraction  angle  9:  taking  into  account  the  transmission 
coefficient  of  the  liquid  crystal  cell  (Ti)  and  the  changing  of  the  light  phase  after  the  cell  and  grating.  Calculating 
the  light  intensity  in  the  arbitrary  point  we  obtained: 


1  = 


/sinfp^y  ri  +  Tf 

4  \  fpO  )  [  2Ti 


+  COS 


(1) 


where  p  is  the  diffraction  grating  constant  and  sin  0  «  0  =  x/f,  f  being  the  focal  length  of  the  lens. 

The  second  step  of  our  method  consists  of  choosing  the  model  for  the  ordinary  and  extraordinary  indices  dependence 
on  the  wavelength  values.  We  used  the  realistic  three-band  model, ^  which  accounts  for  all  electronic  transitions 
from  the  electronic  transition  spectrum.  There  are  three  bands  consisting  of  one  Ao-band  {a  —  a*  transition),  and 
two  Ai-  and  A2-  bands  (two  tt  -  tt’  transitions). 

The  model  is  described,  for  A  »  Aq  by  the  following  relations: 


A2-P3 


+  Pi’° 


X^Pi 

A2-P4 


(2) 


where  Po’°  =  go°^o>  f’s  =  ^1.  -^4  =  The  values  of  Pp°  determine  the  external  parameter  effect  on  the  refractive 
indices,  i.e.  the  temperature,  in  our  experiment. 
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This  expression  (2)  was  inserted  into  the  formula  (1)  and  we  performed  the  nonlinear  fitting  of  the  experimental 
and  theoretical  I  (A)  curves  for  parallel  and  crossed  polarizers  in  order  to  obtain  all  the  parameters  necessary  in 
formula  (2)  for  the  ordinary  and  extraordinary  indices,  at  each  temperature  value.  As  an  example  we  show  these 
dependencies  in  fig.l  and  fig.2,  for  T  —  74°C.  The  Ao,  Ai,  A2  values  resulted  from  our  simulations  are:  Aq  =  123nm, 
Ai  =  203nm,  A2  =  304nm. 


Figo2  The  dispersion  curve  of  An  at  T  =  74°C 


Each  band  contribution  (%),  where  i  =  0, 1,2  and  j  =  n®,n®.  An)  to  the  refractive  indices  and  birefringence 
were  calculated  by  the  following  formula: 

a)  Ai-band  contributions  {i  =  0, 1,2)  to  both  refractive  indices: 


ciA%)  = 

for  j  =  n®,n®. 

b)  Ao“band  contribution  to  birefringence: 


•e,o 


A2-A'? 


(3) 


ng  -ng 
n®  —  n® 


(4) 


for  j  —  An. 
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c)  Ai-band  contributions  {i  =  1, 2)  to  birefringence: 


ci  (%)= 


pe  ^ 


po  ^ 
A2-A? 


il0  +  ^2l7^+«2; 


where  j  =  An  and  Ri  =  Pi— Pi,Ro  —  Po~^- 

In  fig.  3,  4,  5,  we  present  the  graphical  representation  of  the  band  contributions  to  n°,n®,  An  as  A—  functions,  at 

T=74°b. 


X(nm) 

Fig,4  Ai  band  contibution  to  n°,n®,  An 


It  is  seen  from  fig.  3  that  the  Ao  -  band  contributions  to  refractive  indices  is  much  higher  than  the  contribution  to 
birefringence,  in  the  visible  region,  due  to  the  high  optical  density  of  the  a-<r*  transitions. 


X  (nm) 

Fig.5  A2  band  contribution  to  n°,n®,  An 

We  can  also  conclude  from  figure  4,  5  that  the  contributions  of  the  tt  —  tt*  electronic  transitions  (Ai,  A2  -  bands)  are 
dominant  in  the  birefringence  and  lower  in  the  refractive  indices. 

The  computation  of  the  temperature  dependencies  for  the  order  parameter  S  and  the  correction  factor  g  starts  with 
the  model  proposed  by  Khoo  and  Normandin'^  for  the  dielectric  constants  which  includes  the  dielectric  anisotropy 
as  a  function  of  temperature  in  the  nematic  phase.  Knowing  that  the  dielectric  constant  of  the  isotropic  phase  and 
the  dielectric  anisotropy  are  proportional  to  pS,  we  obtained  the  following  relations: 

C2pS  =  -  {n°f  (6) 


457 


and 


Cip  =  1  —  Si 


where 


=  +  |K)" 


is  the  optical  dielectric  constant  of  the  isotropic  phase  {S  —  0),  p  is  the  density,  (7i,  C2  s-rc  constants  which  depend 
on  the  liquid  crystal  structure. 

The  previous  steps  of  our  calculations  provide  the  functions  (A) ,  n®  (A)  for  each  temperature  value  in  the  mea¬ 
surement  domain,  allowing  us  to  represent  (T)  ,n®  (T)  as  in  fig.  6,  for  any  wavelength  A.  A  direct  consequence  is 
that  one  may  easily  derive  the  S  (T)  function,  up  to  a  constant  (C2/C1),  by  dividing  the  equations  (6)  ,  (7)  and  then 
obtain  the  temperature  dependence  of  the  order  parameter  by  using  the  border  conditions  1  and  S^nin  =  0. 

The  resulted  S  (T)  is  presented  in  fig.  7. 


Fig.6  Ordinary  and  extraordinary  indices  as  functions  of  temperature,  at  A  =  514.5772 
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Fig.  7  Order  parameter  S  as  function  of  temperature 

The  internal  field  has  a  special  significance  for  anisotropic  materials  like  the  liquid  crystals,  thus  the  geometrical 
parameter  m  of  the  liquid  crystal  molecules,  determined  by  their  dimensions,  may  be  computed  by  fitting  (fig.  8) 
the  local  field  correction  factor  g  generated  from  the  experimental  dispersion  curves  with  the  theoretical  one^  having 
the  expression: 

_  n®  ^  (^max  —  1/3)  S  (T) 

l-2/3-2(L„,a^-l/3)5(r) 

Here  L  is  the  Lorentz  factor  of  the  molecules  and  S  (T)  is  the  realistic  function  derived  from  our  dispersion  curves. 
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Fig.8  Experimental  (squares)  and  theoretical  (circles)  correction  factor  g  as  function  of  temperature 


The  maximal  value  of  L  in  (9)  is  expressed  in  terms  of  the  geometrical  ratio  m  as  follows: 

m  1  .  m  +  y/ni^-l\ 

2(m2-l) 


(10) 


Our  simulations  (fig.  8)  lead  us  to  the  values  Lmax  =  0-46  and  m  =  4,  in  good  agreement  with  the  experimental 
value  of  the  ratio  m  obtained  by  various  methods. 


3.  CONCLUSIONS 

The  aim  of  our  procedure  is  to  compute  both  the  dispersion  curves  and  the  bands  contributions  to  these  dependencies 
in  a  fast  and  accurate  way.  The  absorption  wavelengths  are  also  obtained,  eliminating  the  more  expensive  recording 
of  polarized  absorption  spectra  but  in  good  agreement  with  the  experimental  results. 

The  ’’dynamics”  of  the  order  parameter  S  (T)  and  the  behavior  of  the  correction  factor  g  are  consequently  calculated 
from  the  experimental  data  provided  by  the  channeled  spectra.  This  makes  possible  to  compute  the  geometric  ratio 
m  for  the  EBBA  liquid  crystal. 

In  addition,  the  method  can  be  applied  to  any  anisotropic  material,  the  precision  in  the  quasicontinuum  dispersion 
curves  is  higher  (5  •  10“  ®  )  than  the  ones  reported  until  now,  the  data  acquisition  and  processing  being  efficiently 
integrated  by  the  proposed  technique.  The  same  analysis  may  be  easily  reproduced  for  a  different  external  parameter 
(electric  field  or  temperature  and  electric  field),  an  important  aspect  in  studying  material  responses  and  then- 
nonlinear  optics  applications. 
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ABSTRACT 

An  extended  version  of  the  Antisymmetrized  Molecular  Dynamics  (AMD)  method  is  derived  in  order  to  study 
clustering  aspects  for  two  conduction  regimes  defined  by  the  role  of  intercrystalline  barriers  and  crystallites  in  CdSe 
thin  films  and  to  compute  the  related  interaction  potentials.  The  influence  of  the  fast  electron  irradiation  on  the 
conduction  mechanism  is  consequently  expressed  in  terms  of  the  changings  in  microscopical  parameters. 

Keywords:  Antisymmetrized  Molecular  Dynamics,  intercrystalline  barriers,  clusters,  CdSe  thin  films. 

Ic  INTRODUCTION 

Two  conduction  regimes  defined  by  the  role  of  intercrystalline  barriers  and  crystallites  respeectively  are  simulated 
by  extending  the  Antisymmetrized  Molecular  Dynamics  (AMD)  method  and  by  computing  the  related  interaction 
potentials  in  CdSe  thin  films. 

The  influence  of  the  fast  electron  irradiation  on  the  conduction  mechanism  is  consequently  expressed  in  terms  of  micros 
scopical  parameters  changing.  Moreover,  the  values  of  the  main  parameters  are  calculated  by  a  Levenberg-Marquart 
optimization  method  from  the  exprimental  data  and  an  appropriate  theoretical  model  of  the  I-E  characteristics. 
The  extended  version  of  the  AMD  method  is  derived  in  order  to  study  ’’clustering”  aspects,^  ^  connected  both  to 
structural  and  collisional  problems. 

The  microscopical  description  of  the  formation  and  dissolution  of  clusters,  without  starting  with  the  hypothesis  of 
their  existence,  is  a  difficult  goal  which  proved  to  be  treatable  by  the  quantum  mechanical  approach  given  in  AMD 
framework. 

In  conclusion,  a  complete  description  of  the  microscopic  -  macroscopic  interplay  in  the  conduction  mechanisms  and 
their  quantitative  evaluation  is  possible  after  the  interaction  potentials  are  computed,  in  order  to  relate  it  to  the 
crystallites  dynamics. 

2.  LIMITS  OF  THE  AMD  METHOD  AND  OF  THE  THEORETICAL  MODELS 

Usually,  in  order  to  propose  a  theoretical  interpretation  for  the  experimental  results  concerning  the  temperature 
dependence  of  the  resistivity  of  the  polycrystalline  thin  films,  one  uses  an  expression  generated  by  an  ohmic  ap¬ 
proximation  of  the  current  versus  electric  field  characteristic.  As  a  result,  the  electric  resistivity  depends  on  the 
temperature  as  follows: 

p  =  po  exp  (Ae/kT) 

where  Ae  is  the  activation  energy,  depending  on  the  charge  carriers  concentration  and  their  mobility,  and  k  is  the 
Boltzmann  constant. 

As  a  consequence,  a  logarithmic  plot  will  look  linear,  in  contradiction  with  the  experimental  results  which  exhibit  a 
significant  displacement  from  the  simple  evoked  model,  specially  at  low  temperatures.  The  study  and  a  more  rigorous 
interpretation,^  ®  of  the  electric  conduction  mechanisms  in  polycrystalline  CdSe  thin  films  in  intense  electric  fields 
wiU  have  therefore  to  take  into  account  the  field  effect  at  the  intercrystalline  barriers  and  in  the  crystallites  as  well. 

The  model  of  the  polycrystalline  thin  films  we  will  use  consists  of  a  system  of  similar  crystallites,  chaotically  dis¬ 
tributed,  separated  by  intercrystallite  barriers.  The  measurable  physical  properties  of  the  thin  films  are  obtained 
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from  the  average  quantities  calculated  on  a  large  number  of  crystallites  which  establish  the  connection  between  the 
microscopical  and  macroscopical  parameters  of  the  layer.  The  exponential  form  of  the  current-electric  field  curves  is 
explained  by  the  dominant  conduction  mechanism®  based  on  the  role  of  intercrystalline  barriers. 

This  mechanism  is  a  characteristic  feature  of  the  thin  film  behavior  in  intense  electric  fields  as  well,  but  only  for  low 
temperature  values.  The  validity  of  the  described  model  for  the  case  of  strong  electric  fields  may  be  explained  by 
talcing  into  account  the  presence  of  ’’hot”  charge  carriers  in  the  crystallites.'^  In  this  domain,  for  higher  temperatures, 
the  negative  differential  resistivity  appears  only  at  lower  values  of  the  electric  field. 

The  dynamical  process  of  the  formation  and/or  dissolution  of  clusters  may  be  treated  by  using  the  so-called  Antisym¬ 
metrized  Molecular  Dynamics  (AMD)  theory,  originally  proposed  for  nuclear  collision  and  firagmentation  problen^.^ 
The  AMD  theory  is  a  quantum  mechanical  one  since  its  treats  the  time-development  of  the  system  wave  function 
which  is  exactely  antisymmetrized. 

If  the  model  is  made  more  complex  by  a  many-particle  interaction  potential,  the  approximation  which  is  usually 
assumed  in  the  AMD  description  and  that  allows  us  to  solve  the  dynamics  (1)  is  no  longer  valid: 

^  {<t>{{Zj})\H\<t>i{Zj}))  .. 

"  dz;^,,  (<i>{{Zj}) \<i>{{zj})) 

where: 

Ckk'jj'  =  Q2:i%z-  >  ) 

with:  k,jf  =  x,y,z. 

Solving  the  additional,  more  envolved  problem  is  however  possible  if  one  writes  the  potential  as: 


V{zt,...,ZN)  =  V(Z)  =  j^'£v(zi,zj)  +  ...  (2) 

*  ij£Z 

Introducing  a  set  of  auxiliary  parameters  Si  in  the  potential,  such  that: 

Y  {Zj^  ,  >  V  *•*,  ^jiv) 

a  system  of  differential  equations  and  its  solution  is  obtained,  for  the  boundary  conditions  imposed  at  Si  =  0 
permitting  then  to  compute  the  intercrystallites  barrier  potential  for  different  regimes. 

We  will  formulate  in  this  section  the  AMD  theory  for  collisional  processes,  starting  with  the  wave  function  of  the 
analyzed  system  with  A,  B  components: 

<l>{{Zj})  =  a{rP{A,ZA)i^{B,ZB)}  (4) 


‘tp{j,Zj)=exp 


(5) 


with  j  —  A,  B. 

The  main  advantage  and  importance  of  the  method  lays  in  the  fact  that  the  results  are  obtained  without  any  model 
assumption  of  clustering.  However,  a  few  problems  may  be  identified  at  this  point: 

pi)  the  initialization  problem,  namely  the  construction  of  the  ground-state  wave  function  of  the  colliding  com¬ 
ponents; 

p2)  the  incorporation  of  many-particles  collisions; 
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p3)  the  usual  approximation  on  the  potential  which  narrows  the  applicability  of  the  method; 

p4)  the  necessity  to  take  into  account  the  multiparticle  interaction  terms  described  by  a  realistic  potential  of  the 
type: 

(6) 

3.  QUANTUM  MONTE-CARLO  TECHNIQUE  FOR  THE  INTEGRATION  STEP 

The  Monte-Carlo  method  may  offer  the  chance  to  calculate  multidimensional  integrals  which  obviously  occur  while 
we  solve  our  dynamical  problem.  If  the  spatial  configuration  of  the  system  is  described  by  a  3A-dimensional  vector 
{R)  and  we  have  to  integrate  a  function  of  R  (/  (R)),  then  we  need  a  suitable  weight  function  W  {R),  real,  positive 
and  normalizable,  so  that  it  can  be  used  as  a  probability  distribution  in  order  to  write: 

jF{R)dR=  J^^WiR)dR  (7) 

The  ensemble  average  is  then  defined  as: 

_  1  N, 

F/W  =  —  ^FiRi)/W{R,)  (8) 

^  ^  i=l 

such  that: 

J F (R)  dR  =  Jjm^F/W  j  W  (R)  dR  (9) 

for  Nc-  the  number  of  configurations  [i^i]  distributed  with  the  weight  W  (R). 

The  value  of  the  integral,  computed  by  Monte-Carlo  technique  where  Nc  is  certainly  finite  will  then  be: 

j F{R)dR=  (f/W±5^  j  W{R)dR  (10) 

with: 

6  =  a/y/Wc  (11) 

and 

=  (12) 

These  formula  are  valid  if  the  F  [Ri) /W  (Ri)  values  have  a  normal  distribution.  However,  if  is  not  the  case,  block 
averages  must  be  first  performed.  In  QMC  calculations,  it  is  most  useful  to  chose: 

W{R)=^,l;-^{R)'ilj{R)  (13) 


with  the  ip-  wave  function. 

The  expectation  value  of  an  operator  O  is  then  given  by: 

{R)0^{R)dR 

^  ^  J'il)+{R)'iP{R)dR 


=  ±  6  (14) 

The  configurations  [i^i]  are  obtained  by  sampling  the  weight  function  W  (i^)  and  when  this  is  not  a  simple  function 
the  Metropolis  algorithm  based  on  the  principle  of  detailed  balance  has  to  be  used. 
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4.  EXTENDED  AMD 

The  goal  of  this  section  is  to  propose  an  extended  version  of  the  AMD  theory,  so  that  we  may  solve  the  problems 
pl)-p4)  mentioned  in  section  2.  The  following  algorithm  was  used: 

Step  1)  design  a  procedure  for  computing  the  expectation  value  of  an  operator,  based  on  the  QMC  with  Metropolis 
sampling.  We  also  compared  the  results  with  the  available  density  distribution  of  states. 

Step  2)  write  the  AMD  time-dependent  equations  of  motion  in  canonical  form: 

•K Aw  -  a  {<l>(\Zi})\H\<t>{{Z^}))  ^5. 

^  dWJ  {<l>{{Zj})\4>{{Zj})) 


where  the  canonical  coordinates  should  satisfy: 


d log {<i> {{Zj })\4>{{Zj}))  _ 
dz;zj 


Step  3)  compute  the  inter-cluster  potential  (V)  after  the  center  of  mass  coordinate  (X)  is  separated  in  the  wave 
function  (l>({Zj}): 

...  r  .  . 


<p{{Zj})  —  eKp  —(A  +  B)t/  X  — 


/{A  +  B)i^ 


HiZj}) 


such  that: 


(^1^) 


V'  =  E-^^  (19) 

2/1 

is  the  potential,  calculated  as  a  function  of  the  solution  of  the  equation  (18).  It  is  obviously  very  deep  when  the 
fragments  energy  is  high. 

Step  4)  cut  the  solution  V"  of  a  differential  equation  given  by  an  auxiliary  theory  in  order  to  recover  the  V'  value 
obtained  at  step  3,  allowing  us  to  identify  the  type  of  inter-cluster  interaction.  The  solution  V”  is  found  as  follows. 

A  set  of  extra- variables  is  introduced,  creating  the  auxiliary  potential: 


which,  for  tends  to  V'  (the  full  theoretical  interaction  term). 

The  following  differential  equation  is  then  satisfied  by  the  transformed  V": 

with  the  boundary  conditions: 

V"  (A  A®)  =  V"  (22) 

and  with  operator  averages  in  the  relations  (19-21),  providing  the  correct  value  of  the  inter-cluster  potential. 
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5.  CONCLUSIONS 

The  numerical  values  we  obtained  for  the  inter-cluster  potentials  prove  that  the  proposed  method  is  a  good  alternative 
in  order  to  investigate,  on  a  rigorous  theoretical  basis,  the  number  of  terms  in  the  interaction  potential,  their  nature 
and  values,  without  preliminary  hypothesis  on  its  form,  for  the  two  regimes  under  consideration  in  explaining  the 
conduction  mechanisms  based  on  the  role  of  intercrystalline  barriers: 

a  first  regime,  where  the  dominant  role  belongs  to  the  intercrystalline,  barriers  in  I-E  characteristics,  in  intense 
electric  fields  and  low  temperatures; 

a  second  regime,  where  the  main  role  belongs  to  the  crystallites,  due  to  the  ”hot  electrons”,  valid  for  even  higher 
electric  fields. 

The  phenomenological  considerations  and  the  experimental  results  are  well  predicted  by  our  computational  method. 
The  two  cluster  distribution  function,  for  instance,  provide  additional  information  on  crystallite  structure  and  role. 

The  two  cluster  density  in  configuration  space,  when  two-fragments  interaction  is  considered,  is  computed  from: 

_  \{Atl)Ai}BrAB  \'>I>A+b)^  (23) 

where  tpA+B,i>A,‘<pB  are  the  functions  of  the  initial  cluster  and  the  fragments  A,B,  while  Tab  is  the  distance  between 
the  centers  of  the  clusters. 

This  give  us  the  probability  of  finding  the  fragments  A  and  B  at  distance  Tab  in  the  cluster.  We  ilustrate  the  method 
described  in  the  previous  sections  by  the  behavior  of  this  distribution  function  (fig.  1)  which  explains  the  conduction 
regime  changing. 


This  proves  that  the  crystallites  role  is  increased  when  the  values  of  the  electric  field  become  very  high.  Eventually, 
one  hopes  to  understand  the  short  range  structures  and  the  dynamics  of  formation  and  dissolution  of  crystallites] 
using  more  elementary  ensembles  and  evaluating  the  number  of  terms  in  the  interaction  potntial  properly. 

Applying  the  procedure  developed  in  order  to  identify  the  type  of  intra-cluster  and  inter-clusteer  potential,  respec¬ 
tively,  we  arrived  to  the  conclusion  that  the  series  (20)  must  be  cut  off  at  different  values  of  the  number  of  terms 
(fig.  2)  which  is  connected  to  the  type  of  the  involved  mechanism. 
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Figo2  The  number  of  terms  in  the  interaction  potential  in  different  regimes 

One  can  see  that  the  correlation  inside  the  crystallites  grows  at  the  transition  from  the  first  to  the  second  regime 
while  the  correlation  between  the  crystallites  decreases.  In  conclusion,  for  the  polycrystalline  CdSe  thin  films,  there 
is  a  strong  correlation  between  their  electric  properties  and  their  crystalline  structure.  This  connection  is  specially 
manifested  by  the  electric  conductivity  mechanisms  which  are  mainly  influenced  by  the  presence  of  the  intercrystalline 
barriers. 

At  high  temperatures,  the  typical  exponential  form  of  the  current  versus  electric  field  charactristics  determined  by 
the  leading  role  of  the  barriers  in  the  conduction  mchanism  is  followed  by  a  clear  change  in  the  characteristic  shape 
which  proves  that  the  conduction  mechanism  is  modified.  In  this  case,  the  influence  of  the  ”hot”  charge  carriers 
becomes  important.  On  the  contrary,  the  second  type  of  conduction  mechanism,  exhibited  in  very  intense  electric 
fields,  is  determined  by  the  crystallites. 
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ABSTRACT 

We  stiMy  from  a  theoretical  point  of  view  the  electromagnetic  enhancement  related  to  the  surface  pntianfpH  Raman 
scattering  (SERS)  on  silver  gratings.  The  local  field  is  obtained  by  means  of  numerical  calculations  based  on  the  rigorous 
coupled-wave  analysis  (RCWA).  Enhancements  of  iq)  to  10®  in  the  Raman  signal  of  molecules  adsorbed  on  these  gratings 
could  be  obtained  at  the  excitation  wavelength  X-5H  nm. 

Keywords:  metallic  gratings,  coupled-wave  analysis,  surface  enhanced  Raman  scattering 

1.  INTRODUCTION 

When  metal  nanoparticles  are  excited  by  li^t,  they  exhibit  collective  oscillations  of  their  conduction  electrons  known  as 
airface  plasmons.  Surface  plasmons  are  tr^ped  electromagnetic  waves,  which  propagate  along  the  metal/dielectric 
interface  and  decays  exponentially  with  distance  away  from  the  interface.  Their  resonance  energy  is  strongly  dependent  on 
the  inteipaiticle  distance,  the  details  of  the  size  and  shape  of  nanopardcles,  and  the  dielectric  properties  of  the  local 
environment  in  which  the  imoparticle  is  embedded.  It  is  now  generally  recognized  that  these  electromagnetic  modes 
modify  spectroscopic  properties  of  an  adsorbed  molecule  in  a  radical  manner  by  changing  the  laser  field  incident  on  the 
molecule.  Perhaps  the  mo^  notable  effect  associated  with  surface  plasmons  on  rough  metal  surfaces  is  the  sui&ce  enhanced 
Raman  scattering  (SERS)  ’ .  In  SERS,  enhancements  of  up  to  10^  in  the  Raman  signal  can  be  obtained  fi*om  molecules 
adsorbed  on  rough  metal  surfaces.  It  is  generally  accepted  the  electromagnetic  mechanism  to  explain  this  enhancement. 

However,  in  addition  to  the  electromagnetic  mechamsm,  other  effects,  such  a  resonance  Raman  scattering  or  chemisorption, 
can  have  a  multiplicative  impact  upon  the  SERS  signal'’^. 

In  order  to  mediate  efficiently  the  surface  plasmon  excitation,  the  SERS  requires  rough  metallic  substrates  with  structures  in 
the  nanometer  range.  It  is  known  that  irregularly  roughened  substrates  as  colloids,  electrochemical  roughened  surfaces  and 
islands  films  exhibit  generally  poor  reproducibility  and  limited  durability  of  the  structures.  On  the  contrary,  lithographicaUy 
prepared  pibstrates,  as  regular  metallic  nanostructures  are  stable  and  reproducible  structures.  Therefore,  they  have  recently 
attracted  interest  for  using  as  SERS  substrates  In  general,  electron-beam  lithography  offers  a  greater  variability  in  the 
structural  properties  of  substrates.  For  instance,  sub-wavelength  gratings  can  be  fabricated  with  independently  varying 
period,  width  and  depth  of  grooves.  Furthermore,  vertical  walls  can  be  generated  using  appropriate  acceleration  voltage  and 
exposure  doses.  The  first  SERS  measurement  indicated  that  such  manufactured  gratings  exhibited  stronger  SERS  signals 
than  the  classical  metal  nanoparticles^.  In  the  future,  nanoengineered  metallic  gratings  may  provide  new  strategies  for  other 
related  spectroscopies  and  biosensing  applications.  Much  of  the  current  interest  in  SERS  should  be  directed  toward 
developing  theoretical  tools  to  design  high  sensitive  nanogratings. 


In  tMs  paper  we  study  the  classical  electromagnetic  enhancement  on  sub-wavelength  reflection  and  transmission  metallic 
gratings.  Our  aim  is  to  optimize  the  grating  structure  (period,  depth  and  groove  size)  in  order  to  get  a 
enhancement  at  the  excitation  wavelength  514  nm.  As  figure  of  merit  we  use  the  absorption  peak  originated  on  the 
surface  plasmons  excitation  .  The  light  grating  interaction  is  analyzed  by  means  of  numerical  calculations  based  on  the 
rigorous  coupled-wave  analysis  (RCWA)  of  diffractiom 
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2.  NUMEMCAL  METHOD 


There  are  two  UnHs  of  gratings  considered  here,  namely  transmission  gratings  on  glass  substrate  and  reflection  gratings  on 
silver  substrate  (see  Fig.  1).  The  width  of  the  groove  (air  gap  between  metal  ridges),  the  period  and  the  thickness  of  the 
grating  are  denoted  by  w,  p  and  respectively.  The  grating  is  situated  in  the  Oxy  plane,  its  periodicity  is  extended  along  the 
Ox  direction  and  its  thictoess  is  fixed  along  the  Oz  direction  between  z=0  and  z=d.  This  periodic  s^ct^  is  illumin^ed  by 
a  electromagnetic  wave  of  TM  polarization  (the  magnetic-field  vector  is  parallel  to  the  Oy  direction)  at  the  incidence 
angle  0.  The  wavelength  is  denoted  by  X  (in  air). 


Fig.1  Silver  gratings  analyzed  in  this  paper.  In  the  grating  region,  the  relative  permittivity  is  alternatively  1  (vacuim)  and  e  (silver).  The 
refiactive  index  of  the  incidence  medium  is  equal  to  unity  (vacuum).  The  refiactive  index  of  the  substrate  is  1.52  (glass) 
for  transmission  gratings  and  £  (silver)  for  reflection  gratings 

As  a  response  to  the  incident  field,  the  grating  will  give  rise  a  diflBracted  field  in  the  region  above  and  below  it  and  a 
stationary  field  pattern  inside  it  All  fields  can  be  computed  by  using  the  RCWA.  The  RCWA  is  a  versatile  and  efficient  tool 
for  modeling  the  diffiaction  of  electromagnetic  waves  by  periodic  structures.  A  step-by-step  formulation  of  the  RCWA  for 
binary  gratings  is  presented  in  Ref  6.  Recently,  the  convergence  performance  in  the  case  of  TM  polarization  arid  metalhc 
gratings  has  been  substantially  improved’.  In  order  to  calculate  the  near  field  pattern  we  use  an  efficient  extension  of  that 
implementation^ . 

The  relative  permittivity  s(x)  in  the  grating  region  is  a  periodic  function  along  the  Ox  direction  and  therefore  s(x)/8o  and 

Eo/8(x)  can  be  expanded  in  Fourier  series,  the  m-th  Fourier  coefficients  being  8m  and  Em  respectively.  Because  of 
periodicity,  the  electromagnetic  fields  inside  the  grating  region  (0<z<d)  can  be  also  expressed  as  a  Fourier  expansion  of 
space-harmonic  fields  while  away  from  the  grating  (far-field  region)  the  diffract^  fields  are  t^en  as  a  superposition  of 
plane  waves  (i.e.  Rayleigh  expansions).  By  writing  down  the  Maxwell  equations  inside  the  grating  region,  the  differential 
coupled-wave  equations  are  obtained-  Once  the  eigenvalues  and  eigenvectors  of  these  equations  are  found,  the  toimdaiy 
conditions  at  the  grating  interfaces  are  matched  and  the  Rayleigh  and  Floquet  coefficients  are  computed,  determining  the 
electromagnetic  fields  in  all  space. 

Althou^  the  RCWA  naturally  provides  a  description  of  all  electromagnetic  field  components  through  their  harmonic 
coefficients,  our  ^proach  does  not  use  all  the  Fourier  series.  Only  the  field  components  that  are  continuous  functions  of  the 
X  coordinate  in  the  grating  region  are  Fourier  expanded.  In  the  case  of  TM  polarization,  due  to  their  continuous  nature  at  the 
permittivity  discontinuities,  the  y  component  Hy  of  the  magnetic  field,  the  x  component  Dx  of  the  displacement  vector  and 
the  z  component  Ez  of  the  electric  field  are  expected  to  be  well  approximated  by  Fourier  series. 

The  equations  used  for  the  computation  of  the  y  component  Hy  of  the  magnetic  field  vector  are: 


Hy  =  C/in(z)  exp(-/Awi«x)  , 

m 

(1) 

|Ul  =  W  {exp(-A:oQz)|c^  ]+  exp[A:oQ(z  -  /i)][c"  } , 

(2) 
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where  kxm  is  equal  to  27c((sin  6/X)-(ni/p))  and  the  vector  U  is  formed  by  the  normalized  amplitudes  Um(z)  of  the 
magnetic  space  harmonic.  We  denote  by  Q  the  diagonal  matrix  formed  by  the  square  root  of  the  eigenvalues,  by  W  the 
eigenvector  matrix  and  by  C  andC  the  vectors  formed  by  the  Floquet  coefficients. 

The  X  component  Dx  of  the  displacement  vector  and  the  z  component  Ez  of  the  electric  field  are  computed  from: 


Dx  =  2  Gm(z)  GXp(-ikxmX)  ,  (3) 

m 

|G|  =  ^  WQ^xp(-A:oQz)[c'‘'  ]+  exp[toQ(z  -  /i)][c’  | ,  (4) 

Ez  =  ^  i4(z)  exp(-/Ai:m!c)  ,  (5) 

m 

(6, 


where  E  is  Toeplitz  matrix  formed  by  the  permittivity  harmonic  coefficients,  Kx  is  a  diagonal  matrix  with  the  m,  m 
element  being  kxm  and  CO  is  the  angular  fi*equency  of  the  incident  wave. 

3.  RESULTS  AND  DISCUSSION 

Our  results  are  with  respect  to  the  above  examples  of  lamellar  silver  gratings.  For  the  purpose  of  RCWA  calculations,  the 
complex  index  of  refraction  for  silver  s(o)=[n(G))+ik(a))]^  is  interpolated  from  values  tabulated  in  Ref  9.  In  order  to 
interpret  published  experimental  results^’  ^  and  taking  into  account  a  fabrication  purpose,  we  investigate  only  silver  gratings 
of  fixed  period  (p^300  nm).  While  the  whole  visible  region  of  the  spectrum  (between  350  nm  and  750  nm)  may  be  of  real 
interest,  we  have  optimized  grating  structures  only  for  operation  with  the  available  light  source  of  wavelength  X=5U  mn, 
wavelength  which  coincides  with  one  of  emission  lines  of  our  Ar+  laser.  At  this  light  wavelength  and  at  normal  incidence 
all  gratings,  both  in  reflection  and  transmission,  behave  as  ’zero-order*  diffraction  gratings.  This  means  that  all  diffracted 
orders,  other  than  zero-th  forward-transmitted  and  backward-reflected  orders,  are  evanescent.  Losses  to  metal  (absorption) 
associated  with  the  imaginary  part  of  the  refiactive  index,  physically  manifested  as  carrier  heating  in  the  metal,  can  be 

extracted  from  RCWA  calculations  by  a  relation  of  type  A=1 -130,1-110,1  ,  where  T|o,t  and  ilo,r  are  the  zero-order 
transmission  and  reflection  efficiencies,  respectively.  It  is  imderstood  that  for  reflection  gratings  T|o,t  is  zero.  It  is  well 
known  that  stochastically  routed  SERS  substrates  show  strong  resonances  of  their  collective  plasma  oscillations  (surface 
plasmons),  leading  to  spectrally  selective  absorption  spectra.  Absorption  spectra  are  also  strongly  dependent  on  the  particle 
shape  and  orientation,  as  well  as  on  inter-particle  coupling,  so-called  local  field  effects.  Therefore  in  the  first  step  of  our 
study,  we  have  examined  the  height  and  position  of  the  absorption  maximum  of  gratings.  As  pointed,  both  gratings  have 
been  optimized  to  get  the  maximum  absorption  at  the  laser  line  ^=514  nm  and  for  a  fixed  grating  period  p=300  nm.  We 
emphasis  that  this  optimization  is  necessary  in  order  to  get  the  maximum  SERS  signal  or,  in  other  words,  the  maximum 
locd  field  enhancement  on  gratings. 

As  a  result  of  the  optimization  process,  we  have  deduced  that  a  more  pronounced  absorption  is  obtained  for  small  groove 
widths.  Finally  we  have  chosen  a  groove  width  of  43  nm,  supposing  that  such  fabrication  requirements  may  be  fulfilled  by 
the  e-beam  lithography.  We  are  interested  in  deep  enou^  gratings.  As  regards  to  the  grating  depths,  the  optimum  depth  is 
found  to  be  379  nm  for  gratings  operating  in  reflection  and  250  nm  for  gratings  operating  in  transmission. 

Fig.  2  shows  the  typical  absorption  spectra  of  these  gratings  in  the  visible  region  In  the  case  of  reflection  grating,  the 
absorption  peak  A  (Fig.  2a)  represents  91%  of  the  incident  light  while  9  %  light  is  reflected.  In  the  case  of  transmission 
grating  the  absorption  peak  B  (Fig.  2b)  represents  81  %  of  the  incident  light  while  17  %  light  is  reflected  and  2%  is 
transmitted.  Less  prominent  absorption  peaks  are  also  observed,  as  for  example  at  X=  410  nm  for  reflection  grating  and  a 
smooth  absorption  less  than  5  %  is  present  for  both  gratings  over  the  whole  spectrum  The  resonance  observed  at  the 
wavelength  X-353  nm  is  not  a  grating  specific  feature  and  is  assigned  to  bulk  silver  plasmons  (identical  behaviors  are 
obtained  for  both  gratings). 
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Fig.  2  Absorption  spectra  of  gratings;  (a)  reflection  grating  and  (b)  transmission  grating.  The  grating  parameters  are;  p-300  nm, 

w=43  nin_  d=250  nm  for  case  (a)  and  d=379  nm  for  case  (b). 

Such  absorption  peaks  are  explained  by  excitation  of  surface  plasmons.  Of  a  great  importance  for  SERS  is  whether  there  is 
any  cignifirant  local  field  enhancement  accompanying  the  absorption  spectrum.  Up  to  now  almost  aU  theoretical  papers 
devoted  to  near-field  enhancement  in  metallic  gratings  are  dealing  with  sinusoidal  gratings  where  surfece  plasmons 
propagate  along  the  corragated  surface.  It  was  shown  that  for  deep  gratings  the  electromagnetic  field  is  localized  on  the  top 
of  the  groove,  contrary  to  shallow  gratings  where  the  absorption  leads  to  field  enhancement  both  on  the  top  md  in  the 
bottom  of  the'groove.  However,  the  aim  of  this  paper  is  to  analyze  the  local  field  enhancement  in  binary,  metalhc  gratings 
of  very  narrow  and  deep  enou^  dits  or  grooves.  As  far  as  we  know,  this  is  the  first  paper  that  presents  such  results  for 
electromagnetic  field  distribution  near  the  surface  of  binary  metalhc  gratings  with  very  deep  grooves  and  shts. 

Fig.  3  shows  a  detailed  picture  of  the  field  enhancement  generated  for  the  case  of  reflection  gratings  (Fig.  3a)  and 
transmission  gratings  (Fig.  3b),  respectively.  We  have  evaluated  the  field  at  A.=514  ran,  the  wavelen^  of  maximum 
absorption.  Cleariy,  the  incident  hght  is  exciting  plasmons  trapped  on  the  vertical  walls  of  the  groove  (slit).  As  usual,  we 
have  rq)resented  the  field  enhancement  as  a  ratio  between  local  calculated  field  Eioc  and  the  incident  field  Eo  (normaliz^ 
to  unity)  However,  we  emphasis  that  the  net  enhancement  of  the  Raman  signal  is  different  fi'om  the  electromagnetic 
^nhanrptnftnf  shown  in  Fig.  3.  In  fact  the  Raman  enhancement  occurs  due  to  two  sources:  (1)  the  molecule  is  placed  near  the 
surface  in  a  local  enhanced  field  and  (2)  the  dipolar  radiation  scattered  by  molecule  is  capable  of  coupling  to  the  metal  and 
pnhanring  the  signal  The  two  souTces  of  enhancement  are  multiplicative  and  couple  together  to  give  the  Raman 
enhancement: 

p  -  EipQ^local  E{cojiaman)^ local  0) 

where  ©o  is  laser  frequency  and  ©Raman  is  (©0  "  ^©Raman  shift)-  Our  calculations  show  that  these  lcx:alized 

resonant  modes  are  able  to  produce  enhancements  as  large  as  p  =10^  in  the  Raman  signal  of  molecules  adsoibed  inside  the 
gratings  Contrary  to  the  simisnidal  gratings  where  there  is  a  considerable  field  enhancement  along  the  entire  an&ce,  the 
field  <^hanfvtn<»nt  in  deep  binary  gratings  is  localized  only  inside  the  grating  (see  Fig.  3).  The  maps  in  Fig.  3  diow  that  the 
electromagnetic  field  is  confined  inside  the  sht  and  diaped  in  the  form  of  standing  waves.  This  cfoservation  clearly  reveals 
that  the  electromagnetic  field  inside  the  grating  is  basically  governed  by  the  backward  and  forward  propagation  of  one 
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single  mode.  This  result  gives  quantitative  support  to  the  idea  that  SERS  is  a  veiy  local  phenomenon  occurring  at  pores  and 
comers  of  rough  surface. 


^  Z  [nm] 


Fig.  3  Distribution  of  the  electric  field  amplitude  inside  one  grating  period:  (a)  reflection  grating  and  (b)  transmission  grating.  The 
gratings’  parameters  are  given  in  the  caption  of  Figure  2.  Gratings  are  normal  illuminated  by  TM-polarized  hght  of  wavelength  X=514  nm 

from  the  half  plane  z<0. 

Although  we  have  examined  two  very  different  metallic  stmctures,  i.e.  reflection  and  transmission  gratings,  they  do 
not  present  so  very  different  near-field  optical  responses.  From  this  point  of  view,  our  calculations  help  to  explain  why 
rough  surface,  whose  large  scale  features  are  quite  different  present,  strong  similarities  in  the  strength  and  frequency 
dependence  of  the  observed  enhancement 


470 


Fig.  4  Absorption  versus  angle  of  incidence  in  the  case  of  reflection  grating  excited  with  light  of  X=5 14  niiL  Higher  valiKS  of  absorption 

are  consistent  with  higher  local  fields  inside  the  grating  structure 

Hie  absorption  of  shallow  sinusoidal  gratings  is,  in  general,  narrow  and  therefore  the  divergence  of  the  incident  optical 
beam  leads  to  a  significant  reduction  of  the  light-plasmons  coupling.  On  the  contrary,  our  calculations  diow  that  deeper 
gratings  increase  the  angular  tolerance  for  hght-plasmons  coupling  without  modifying  spectral  bandwidth.  This 
phennmennn  is  clearly  shown  in  Fig.  4,  where  we  display  the  absorption  as  a  function  of  the  angle  of  incidence  for  a 
reflection  grating  The  angular  tolerance  of  the  incident  beam  exceeds  30 

CONCLUSION 

In  this  paper  we  have  performed  a  numerical  study  of  electromagnetic  enhancement  on  metallic  gratings  with  very  deep 
grooves  or  slits  Our  results  indicate  in  a  quantitative  way  that  SERS  may  be  produced  by  excitation  of  very  localized 
plasmnn  modes  localized  in  grooves.  Enhancements  of  ^out  10^-10®  in  &e  Raman  signal  are  predicted.  We  have  also 
analyzed  the  dependence  of  these  enhancements  as  a  function  of  incidence  angle.  Our  results  allow  quantitative  companson 
with  experimental  results  alreatfy  obtained  with  metallic  gratings  synthesized  by  electron-beam  lithography.  It  is  likely 
that  one  will  be  able  to  use  these  results  in  order  to  design  high  sensitivity  metallic  gratings  for  SERS  and  other  related 
spectroscopies. 
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ABSTRACT 

In  this  paper  we  present  some  experimental  results  concerning  the  effect  of  fast  electrons  irradiation  on  the  specific 
conduction  mechanisms  in  semiconducting  polycrystalline  vacuum  evaporated  CdSe  thin  layers,  in  strong  electric 
field,  and  we  give  an  interpretation  of  the  non  -  ohmic  electrical  conduction  in  these  layers.  Two  conduction  regimes 
defined  by  the  different  roles  of  the  intercrystalline  barriers  and  crystallites  respectively  are  analysed.  The  changing 
of  some  microscopic  parameters  (barrier  lengths  and  potential  barriers  height)  is  calculated  from  the  fitting  of  the 
experimental  and  theoretical  I-E  characteristics,  both  for  irradiated  and  unirradiated  films. 

Keywords:  thin  films,  irradiation,  conduction  mechanisms,crystallites 

lo  INTRODUCTION 

The  thin  layers  of  semiconductor  compound  of  type  find  important  applications  in  microelectronics,  dosime¬ 

try,  optics,  automation,  optoelectronics  and  so  on.  Among  these,  the  CdSe  thin  layers  present  a  great  interest  for 
obtaining  optoelectronic  devices.  Due  to  their  importance  in  low  -  cost  solar  cell  technology  with  hetero junctions 
made  by  thermal  evaporation  in  vacuum,  the  CdSe  semiconducting  poly  crystalline  thin  layers  have  been  considered 
with  an  increasing  interest  in  the  last  decade. 

The  studies  on  the  electrical  properties  of  semiconducting  polycrystalline  CdSe  thin  layers  in  strong  electric  field 
point  out  a  non  -  ohmic  behavior  of  the  current  -  field  characteristics,^  These  studies  have  revealed  the  close 

relationship  between  the  electrical  conductivity  and  the  structure  of  the  polycrystalline  thin  layers  consisting  of  a 
system  of  crystallites  and  intercrystalline  barriers. 

Our  previous  experiments  showed  that  the  electrophysical  and  structural  properties  of  CdSe  thin  layers  strongly 
depend  on  the  substrate  temperature  during  the  condensation  of  the  layers.^ 

Generally,  ionizing  radiation  has  strong  effects  on  the  crystalline  structure,  electrical  and  optical  properties  of  the 
semiconductor  thin  layers.  These  effects  are  mainly  related  to  sample  preparation  and  especially  to  the  temperature 
during  the  growth  process,"* 


2.  EXPERIMENTAL  MEASUREMENTS 

The  CdSe  thin  layers  studied  in  this  paper  were  obtained  by  the  conventional  method  of  thermal  evaporation  and 
condensation  in  vacuum,  similar  to  the  one  we  had  previously  described.*  Optical  plates  of  silica  glass  were  used 
as  substrates  to  obtain  the  samples  under  various  experimental  conditions. 

The  temperature  of  the  glass  substrates  was  maintained  constant  during  the  process  of  deposition  with  values  in 
the  range  30  -  380°  C,  CdSe  thin  layers  have  been  obtained  at  various  deposition  rates  with  values  in  the  range  of  1 
-  2.8  nm  s“*  and  0.01  -  5.5  nm  respectively. 

The  pressure  within  the  evaporation  enclosure  was  varied  between  10~^  torr  and  5  •  10“^  torr.  The  final  thickness 
of  the  obtained  films  were  approximately  contained  between  0.3  and  4.0  fim.  Gold  or  silver  electrodes  were  deposed 
on  the  layers  by  thermal  evaporation  in  vacuum. 

Several  CdSe  thin  layers  thus  obtained  under  various  experimental  conditions  were  subjected  to  irradiation  with 
accelerated  electrons  (1-10  MeV  )  supplied  by  a  linear  accelerator.  The  irradiation  doses  were  varied  between  10^ 
and  2  - 10*®  rad,  measured  with  5%  accuracy. 

The  structural  properties  of  the  thin  films  of  CdSe  were  investigated  (by  X  -  ray  and  electron  diffraction)  as  well 
as  the  optical  absorption  and  electroconductivity,  both  before  and  after  irradiating  the  corresponding  samples  with 
accelerated  electrons. 

Correspondence:  Email:  gstoen@hotmail.com;  Fax:  40  51  415077 
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3o  THEORETICAL  MODEL  AND  SIMULATIONS 

We  must  emphasize  that  the  CdSe  thin  layers  present  a  great  interest  for  obtaining  optoelectronic  devices,®  7  ® 
Due  to  their  applications  in  low-cost  solar  cell  technology  with  hetero junctions  made  by  thermal  evaporation  in 
vacuum,  the  CdSe  semiconducting  poly  crystalline  thin  films  have  been  widely  analyzed. 

However  our  study  aims  to  compute  some  different  parameters  of  these  films,  which  can  improve  the  theoretical 
interpretation  of  the  physical  processes  at  microscopic  scale:  the  intercrystalline  barrier  length  and  the  height  of 
the  potential  barrier  in  certain  polycrystalline  CdSe  thin  films,  as  well  as  their  changing  as  a  consequence  of  fast 
electron  irradiation. 

The  experimental  results  lead  to  the  conclusion  that  there  is  a  strong  correlation  between  the  electric  properties 
and  the  polycrystalline  structure  of  the  CdSe  layers  which  consists  of  a  system  of  crystallites  and  intercrystalline 
barriers.  Some  parameters  of  the  I-E  characteristics  have  significant  changes  due  to  the  structural  transformations 
occurred  after  the  irradiation  process.  The  orientation  and  the  dimension  of  the  crystallites  are  modified  as  a  result 
of  the  fast  electrons  irradiation  (3  MeV)  of  the  thin  films.  These  changing  depend  on  the  deposition  conditions  and 
on  the  phase  transitions  involved. 

If  the  irradiation  doses  have  mean  values  (around  10®  rad)  and  if  the  crystalline  structure  of  the  films  is  a  good 
one,  then  the  result  is  an  improvement  of  the  structure,  an  increasing  in  the  crystallite  dimension  and  in  their 
orientation  degree.  The  electrical  conductivity  (in  high  electric  fields)  is  mainly  determined  by  the  presence  of  the 
intercrystalline  barriers. 

The  complete  mechanism  contains  a  regime  dominated  by  the  presence  of  the  intercrystalline  barriers  and  an  other 
one  which  is  due  to  the  crystallites  mediated  conduction.  Assuming  that  the  intercrystalline  barriers  have  a  leading 
role  in  the  electric  conduction  mechanism  for  the  CdSe  films,  the  following  model  was  established^ : 


/  =  gdA  (T)  [exp  {B  (T)  E)  -  1]  (1) 

where: 

A  (T)  =  (T)  n  (T)  exp  (-q<p/kT)  (2) 

s(r)  =  ||  (3) 

(4) 

n{T)  =  2 


while  (l>q  is  the  height  of  the  potential  barrier  with  respect  to  the  conduction  energy  band,  Ep  is  the  electron  Fermi 
energy,  h  -  the  length  of  the  intercrystalline  barrier. 

The  relation  (1)  is  derived  starting  from  the  expressions  of  the  electric  current  densities  in  the  barrier  and  crystallite, 
respectively,  for  the  case  of  high  electric  field  but  not  over  a  certain  threshold  of  E.  In  this  case,  it  is  assumed  that 
the  potential  difference  on  the  barrier  is  equal  to  the  one  corresponding  to  a  barrier-crystallite  parr. 

The  model  is  appropriate  for  a  wide  range  of  the  temperature  values  and  well  reproduces  the  current  versus  electric 
field  characteristics,  even  their  forms  are  highly  nonohmic,®  mainly  in  intense  electric  fields.  However,  when 

working  at  very  strong  electric  fields  and  high  temperatures,  one  can  notice  that  the  form  of  the  I  —  E  curves  is 
changed. 

This  effect  may  be  explained  by  taking  into  account  the  ’’heating”  of  the  charge  carriers  in  the  crystallites,^^ 
such  that  the  relation  between  j  and  E  is  more  involved: 

j=^qn{T)v{E)  (6) 

where  only  the  mobility  of  the  charge  carriers  depends  on  the  electric  field  while  the  coefficient  of  v  {E)  depends  on 
the  temperature  and  on  the  mechanism  responsible  for  the  ’’hot”  electrons  scattering. 
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The  overall  dependence  of  j  on  the  electric  field  is  in  good  agreement  with  the  experimental  data  if  we  assume  an 
expression,'*  of  the  type: 

3  - 

with  a  function  of  temperature  A  (T)  which  may  also  be  theoretically  derived  at  least  in  the  case  of  an  isotropic 
semiconductor  having  electron  scattering  on  acoustic  phonons. 

This  hypothesis  leads  to  a  different  expression  of  the  I  —  E  dependence  which  in  turn  may  be  improved  in  order  to 
give  an  interpretation  to  the  negative  differential  resistivity  region  occurred  at  high  temperatures,  such  that: 

i  =  (8) 


Here: 


7=  1/ct 

with  a  -a  coefficient  which  depends  on  the  heat  exchange  and  on  the  sample  geometry,  To  is  the  medium  temperature 
and 

J=J(^,To) 


All  these  regimes  are,  in  conclusion  determined  specially  by  the  role  played  by  the  crystallites  and  by  the  in¬ 
tercrystalline  barriers  in  the  conduction  mechanism,  proving  again  the  interplay  between  the  microscopical  and 
macroscopical  characteristics. 


4.  RESULTS  AND  DISCUSSIONS 

Our  experiments  showed  that  the  crystalline  structure  and  other  electrophysical  properties  of  the  CdSe  thin  layers 
strongly  depend  on  the  samples  preparation  conditions,  especially  on  the  substrate  temperatures. 

The  perfect  crystalline  structure  of  the  CdSe  thin  layers  crystallites,  their  size  and  orientation  degree  depend  on  the 
experimental  conditions  of  preparation,  especially  on  the  substrate  temperature  during  condensation,*  .**  The 
crystalline  structure  improves  when  the  substrate  temperature  increases  (  above  200°  C  )  . 

The  action  of  the  irradiation  proved  to  be  important  for  the  CdSe  layers  obtained  on  low  temperature  substrates 
(ts  100  —  150°  C  )  containing  small  oriented  crystallites  having  certain  structural  imperfections,  especially  packing 
defects. 

Usually,  for  the  CdSe  thin  layers  obtained  on  low  temperature  substrates  (  100  —  150°  (7  )  whose  structure  shows 
many  defects,  irradiation  with  doses  of  about  10^  -  10®  Gy  by  electrons  accelerated  up  to  kinetic  energies  of  3  MeV, 
leads  to  a  deterioration  of  the  crystalline  structure  and  to  the  appearance  of  an  amorphous  phase  at  least  in  the 
surface  layers  of  the  sample. 

The  irradiation  with  the  same  dose  (  10^  - 10®  Gy  )  of  the  thin  layers  obtained  on  heated  supports  ( ts  ~250-  300°C 
),  containing  crystalhtes  preferentially  oriented  and  with  a  good  crystalline  structure,  led  to  the  increasing  of  the 
crystallites  orientation  degree  and  to  the  improvement  of  their  crystalline  structure,*  .*®  Our  experience  showed 

that  the  electrical  properties  strongly  depend  on  the  action  of  the  accelerated  electrons  irradiation  of  the  CdSe  thin 
layer  crystalline  structure. 

Thus  the  current  versus  electric  field  characteristics  of  the  irradiated  samples  differs  from  those  obtained  before 
irradiation.  The  effect  of  fast  electron  irradiation  occurs  in  the  current  vs  electric  field  characteristics  especially  in 
high  electric  fields. 

Experimental  current  versus  electric  field  (I  -  E)  characteristics  of  semiconducting  polycrystalline  CdSe  thin  layers, 
before  and  after  fast  electron  irradiation  were  obtained  for  different  temperatures  varying  between  —150°  (7  and 
+250°(7. 

We  analyzed  the  significant  results  obtained  with  CdSe  layers  of  about  0.6  /im  thickness,  grown  on  glass  substrates 
maintained  at  a  temperature  of  about  100°  (7.  A  family  of  currents  versus  electric  field  (I-E)  characteristics  was 
obtained.  We  thus  noticed  that  the  diagram  corresponding  to  3  •  10^  V/m  for  low  temperatures  (below  0°  C)  differs 
from  those  of  high  temperatures. 
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The  diagram  for  low  temperatures  are  straight  lines  and  therefore  the  conduction  is  ohmic.  In  the  high  electric  field 
strength  range  and  at  temperatures  higher  than  0°  C,  these  characteristics  present  a  non  -  ohmic  behavior.  This 
non  -  ohmic  behavior  for  unirradiated  thin  layers  is  exhibited  starting  with  the  13°  C  temperature,  while  in  the  case 
of  irradiation  this  threshold  value  is  82°  C. 

In  this  case,  the  I-E  characteristic  presents,  at  low  fields,  a  portion  of  ohmic  dependence  of  the  current  on  the  applied 
electrical  field, ^^followed  by  an  exponential  dependence  of  the  current  on  the  field  strength  at  high  fields. 

The  non-ohmic  characteristics  can  be  interpreted  using  a  sample  model  of  thin  polycrystalline  film  consisting  of  a 
system  of  crystallites  and  intercrystalline  barriers  of  the  same  type,  randomly  oriented.  Therefore  the  exponential 
shape  of  these  I-E  characteristics  can  be  explained  considering  the  predominant  role  of  the  intercrystalline  barriers 
in  the  electric  conduction  of  the  polycrystalline  CdSe  layers. 

By  fitting  the  theoretical  curves  given  by  (1)  and  the  experimental  I-E  characteristic,  the  microscopic  parameters 
were  calculated  and  their  changing  after  the  irradiation  process  was  analyzed. 


Fig.l  Experimental  and  theoretical  characteristics  for  unirradiated  samples,  &tt  =  ~121°C. 


In  fig.  1  and  fig.  2  the  experimental  and  theoretical  curves  are  showed  for  the  irradiated  and  unirradiated  samples 
respectively. 

We  give  the  results  of  our  computations  concerning  the  parameter  changings  after  the  irradiation  in  what  follows: 

^  ....  ^  unirradiated  irradiated 

Coefficient 

gdA  (T)  3708.55511  4707.72432 

\vtncx.Y>{-q<i>IKT)  1382.65902  1766.73941 

KT/qk  2505.04423  5010.54158 


The  calculation  of  the  parameters  used  by  the  proposed  theoretical  model  leaded  to  the  following  values  :  — 

=  0.12ey  and  i^^irr  ji^ad  _  j  9]^  which  show  the  expected  changings  in  the  values  of  the  barrier  length  and 
of  the  potential  barrier  height. 

In  addition,  these  values  may  be  verified  if  one  derives  on  the  same  lines  the  theoretical  expressions  of  the  electrical 
resistivity  and  of  the  differential  resistivity  as  functions  of  the  mean  crystallite  dimension: 


D  = 


qP 


In  (1  +  I/Agd)  — 


I  +  Agd 


(9) 


where:  D  is  the  mean  length  of  the  crystallites. 
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■  B  -  irradiated,  t=-121C 


Fig.2  Experimental  and  theoretical  characteristics  for  iradiated  samples,  at  t  =  -121°C' 

The  two  auxiliary  functions  needed  in  order  to  perform  a  nonlinear  fitting  of  the  experimental  measurements  and 
theoretical  curves  are  therefore  the  resistivity: 

i?=^^lnfl  +  ^)+£/-J-^  (10) 

ql  V  Agd)  (gdAf  ’ 

and  the  differential  resistivity: 

JKTLf  1 

Q  {I  +  Agd)  {gdkf 

respectively. 


1/D  Oim-i) 


Fig.  3  Resistivity  and  differential  resistivity  versus  the  crystallite  dimensions 


5«  CONCLUSIONS 

The  values  of  A  (2)  give  us  once  more  the  height  of  the  potential  barrier  q<p.  In  fig.  3,  the  results  of  the  nonlinear 
fitting  procedure  are  presented,  the  variation  of  qcj)  being  in  good  agreement  with  the  results  based  on  our  first 
method:  qA<p  =  0AleV, 

The  structural  transformation  which  occurs  after  the  irradiation  changes  certain  parameters  of  the  I-E  characteristics 
of  the  thin  layers,  in  comparison  to  the  case  when  no  irradiation  process  is  performed. 

The  irradiated  thin  layers  show  ohmic  conduction  up  to  the  electric  field  strength  values,  conduction  which  is 
higher  than  the  upper  limit  for  the  electric  field  strength  in  the  condition  for  the  ohmic  conduction  in  the  case  of 
unirradiated  layers.  The  linear  parts  slopes  of  the  unirradiated  thin  layers  characteristics  are  generally  greater  than 
those  obtained  for  the  irradiated  samples. 

Our  experimental  results  show  that  there  is  a  close  correlation  between  the  electrical  properties  and  the  structure  of 
the  polycrystalline  CdSe  thin  layers  consisting  of  a  system  of  crystallites  and  intercrystalline  barriers.  These  results 
have  also  revealed  that  the  electrical  conductivity  of  the  analyzed  CdSe  thin  films  within  a  strong  electric  field  is 
essentially  determined  by  the  presence  of  the  intercrystalline  barriers. 
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ABSTRACT 

The  beam  quality  of  solid-state  lasers  with  high  average  power  can  be  greatly  improved  using  phase  conjugators  based  on 
stimulated  Brillouin  scattering  (SBS).  The  common  phase  conjugators  used  till  now  are  liquid  or  gas  cells.  Using  SBS  in 
glass  fibres  as  phase  conjugators  the  field  of  applications  can  be  expended.  The  long  interaction  length  and  small  cross- 
sections  of  the  fibres  result  in  an  appreciable  reduction  of  SBS  threshold  and  avoid  optical  breakdovm  which  could  happen 
in  liquids  and  gases  at  high  input  energies.  Other  advantages  of  glass  fibre  phase  conjugators  are  harmlessness  and  easy 
handling  .We  have  experimentally  investigated  a  phase  conjugator  based  on  SBS  obtained  in  an  undoped  quartz  fibre  with 
core  diameter  of 200  pm.  The  SBS  threshold  reflectivity  and  phase  conjugation  capability  were  measured  with  18  ns  pulses 
at  1,06  pm  wave  length  with  different  input  energies. 

Keywords:  stimulated  Brillouin  scattering,  optical  fibers,  phase  conjugation,  solid-state  lasers,  beam  quality. 


1.  INTRODUCTION 

The  power  needed  to  generate  SBS  in  non  guide  materials  is  of  the  order  of  10^  W.  This  power  can  be  reduced  by  increasing 
the  interaction  length  and  decreasing  the  cross-section  area  of  the  light  beam  and  these  requirements  are  satisfied  by  wave 
guides,  among  which  the  fiber  seems  to  be  most  attractive.  SBS  in  optical  fibers  is  much  easier  to  realize  and  handle.  Since 
1972,  when  SBS  was  observed  in  single  mode  fibers  for  the  first  time^  there  have  been  many  investigation  of  this  topic^.  It 
should  be  noted  that  the  research  was  concentrated  principally  on  single  mode  fibers,  which  are  not  suitable  for  phase 
conjugation  (PC).  Phase  conjugation  in  fibers  was  obtained  for  the  first  time  in  a  multimode  fiber  in  Russia,  in  the  1980’s 
PC  can  only  be  achieved  in  mutimode  fibers  because  only  these  fibers  provide  the  nonuniform  pump  waves  needed. 

Recent  experiments  with  multimode  fibers  were  made  by  Eichler  et  al."^  who  developed  a  new  kind  of  phase  conjugators 
based  on  SBS  in  glass  fibers  (undoped  multimode  quartz  fibers).  The  used  fibers  were  of  a  core  diameter  of  200  pm  and 
different  lengths.  Using  a  Nd:YAG  laser  with  a  50  cm  coherence  length,  near  diffracted  limited  and  a  17  m  length  fiber,  the 
SBS  threshold  was  found  to  be  17kW,  the  SBS  reflectivity  up  to  50%  and  SBS  fidelity  up  to  93%.  The  influence  of  the 
coherence  length  of  the  input  beams  was  found  to  be  a  decisive  factor  for  the  limitation  of  the  SBS  interaction  length  in  the 
fiber.  The  conclusion  was:  if  the  linewidth  of  the  single  laser  mode  becomes  small  compared  to  the  Brillouin  linewidth,  the 
interaction  length  of  SBS  in  the  fiber  is  no  longer  limited  by  the  coherence  of  pump  beam  but  only  by  fiber  attenuation.  The 
fiber  phase  conjugators  are  harmless  to  environment  and  can  be  handled  safely  in  contrast  to  dangerous  fluid  and  gaseous 
SBS  media,  which  are  toxic  or  operated  at  high  pressure.  Besides  having  low  reflectivity  and  needing  a  long  coherence 
length  in  the  pump  laser  system,  this  simple  quartz  multimode  fiber  system  still  has  a  dynamic  range  as  low  as  20  times  the 
threshold  energy. 

A.  Heuer  ^  has  demonstrated  SBS  in  a  novel  optical  fiber  phase  conjugated  mirror  as  a  generator  -  amplifier  system  using  a 
tapered  quartz  fiber.  In  this  case  the  threshold  energy  was  reduced  to  15  pJ  and  the  SBS  reflectivity  was  92%.  The  fiber  was 
pumped  in  a  dynamic  power  range  of  1:267.  The  phase  conjugation  fidelity  was  measured  to  be  greater  than  95%,  over  the 
entire  pump  energy  range. 


•  Correspondence:  Email:  amocof@ifin.niDne.ro:  Telephone:  (40)  1  780  53  85;  Fax:  (40)  1  423  17  91 
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2.  EXPERIMENTAL  SET-UP 


We  investigated  the  phase  conjugation  in  multimode  optical  fibers  using  a  typical  setup  for  such  experiments  (Fig.l). 


We  used  a  Nd:YAG  laser  (oscillator-amplifier  system)  and  a  quartz  fiber  of  200pm  core  diameter.  The  laser  oscillator  was 
operated  in  the  Q-switched  mode  with  a  LiF:F2  ciystal  with  the  initial  transmission  of  50  %.  The  oscillator  was  kept  near 
threshold  in  order  to  generate  a  single  pulse.  The  resonator  length  was  45  cm.  The  short  resonator,  the  passive  Q-switch  and 
an  intracavity  Fabry-Perot  etalon  allowed  a  radiation  with  reduced  spectral  linewidth  (coherence  length  -  30  cm).  The 
duration  of  the  laser  pulse  was  18  ns  and  the  maximum  output  energy  was  4  mJ  in  a  beam  with  a  near  Gaussian  transversal 
distribution.  The  beam  was  focused  with  a  lens  of  focal  length  16  cm  in  a  quartz  fiber  with  200  pm  core  diameter,  2  m 
length  and  0.2  numerical  aperture,  having  a  polished  entrance  surface.  The  diameter  of  the  focal  waist  was  100  pm.  The 
transmission  of  the  fiber  was  maximum  65  %. 


The  phase  conjugation  properties  were  studied  using  a  CCD  camera  and  a  SPIRJCON  system  for  analyzing  the  transversal 
structure  of  the  beams.  The  temporal  behaviour  was  measured  with  a  digital  oscilloscope  Tektronix  TDS  350  and  a  fast 
photodiode  (rise  time  <  Ins).  Piroelectic  detectors  were  used  to  measure  laser  beam  energies  (incident,  Stokes  and 
transmitted  energy). 

3.  EXPERIMENTAL  RESULTS 

To  ascertain  that  PC  indeed  took  place,  the  spatial  distribution  pattern  of  the  Stokes  wave  field  was  recorded  with  the  CCD 
camera  (placed  in  the  position  of  detector  Dl)  and  compared  with  the  spatial  distribution  of  the  pump  field  (recorded  in  the 
position  of  detector  D4).  Figure  2a.  shows  an  example  of  the  spatial  distribution  of  the  pump  wave,  and  figure  2b  shows  that 
of  the  Stokes  wave.The  spatial  distribution  of  incident  laser  field  is  reproduced  in  a  good  way  by  that  of  the  Stokes  field. 


(a)  (b) 

Fig.  2.  Treansverse  beam  structure  of  (a)  the  input  beam,  (b)  the  SBS-reflected  beam. 
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Fig.3  shows  the  spatial  distribution  of  transmitted  beam  through  the  fiber,  which  exhibits  a  much  distorted  distribution. 
To  record  this  spatial  distribution  the  CCD  camera  was  placed  in  the  position  of  detector  D2. 


Fig.  3.  Treansverse  beam  structure  of  transmitted  beam  through  the  fiber. 
The  SBS  reflectivity  was  measured  using  experimental  set-up  shown  in  Fig.4. 


Fig.  4.  Experimental  set-up  for  SBS  reflectivity  measurement. 

A  glass  beam  splitter  with  8  %  reflectivity  and  two  detectors  were  used  to  measure  the  energy  incident  on  the  fiber 
the  Stokes  energy  (D3). 

The  SBS  measured  reflectivity  is  defined  as  the  ratio  of  the  Stokes  energy  and  the  energy  incident  on  the  fiber: 


Et„ 

The  dependence  of  the  SBS  reflectivity  against  the  pumping  energy  is  shown  in  Fig.  5. 


(D4)  and 


(1) 
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Pumping  energy  (mJ) 


Fig.  5.  Reflectivity  against  pumping  energy. 

The  SBS  threshold  energy  was  found  1.6  mJ  (88  kW)  and  the  maximum  reflectivity  was  20  %.  The  low  value  of  the 
reflectivity  and  increased  threshold  energy  in  comparison  with  Eichler's  experiment  is  explained  by  the  worse  coherence  of 
our  laser  and  the  fact  that  we  did  not  calibrate  the  system,  and  did  not  take  into  account  the  Fresnel  losses  and  the  coupling 
efficiency  in  the  formula  for  the  reflectivity. 

4 

The  SBS  threshold  power  in  a  fiber  can  be  estimated  : 


21 A 


‘I 


(2) 


where  A^jf  is  the  effective  core  area,  gB  -  Brillouin  gain  which  is  for  quartz  2.3  10  ’  cm  /W  and  is  the  effective 
interaction  length  in  the  fiber  which  depends  on  the  coherence  length  and  the  fiber  length,  according  to: 


Peff  Pcoer  ^ 

From  this  formula,  we  deduced  the  coherence  length  of  our  laser  to  be  35  cm,  which  is  in  good  agreement  with  the 
measurement  made  with  a  Michelson  interferometer. 

Another  fact  which  may  contribute  to  these  different  values  is  the  duration  of  our  laser  pulse  (18  ns)  which  is  short  in 
comparison  with  the  phonon  lifetime  in  quartz  (5  ns)  so  SBS  occurs  at  the  limit  between  the  steady  state  regime  and  the 
transient  regime. 


This  conclusion  is  sustained  by  the  time  measurements  obtained  with  a  fast  photodiode  with  a  rise  time  of  1  ns  and  a 
Tektronics  TDS  350  digital  oscilloscope. 

Figure  6  shows  the  oscilloscope  trace  of  the  incident  laser  of  18  ns  duration. 
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As  one  can  see  that  the  Stokes  pulse  is  two  times  reduced  in  duration  so  we  can  say  that  SBS  takes  place  in  transient 
conditions.  Under  increased  pumping  power  the  transmitted  pulse  and  the  Stokes  pulse  exhibit  multiple  pulse  behaviour 
(Fig.Sa.  and  b.). 


Fig.8.  Transmitted  pulse  (a)  and  the  Stokes  pulse  (b)  for  3  mJ  input  energy  . 

This  behaviour  is  specific  for  the  transient  regime  and  was  also  observed  ^  in  the  tapered  geometry  with  liquid  SBS  media. 

This  particular  time  dependence  of  the  Stokes  and  transmitted  pulse  can  be  explained  by  the  interaction  between  the  Stokes 
pulse  and  the  incident  laser  pulse,  which  may  exchange  back  and  forth  energy,  during  the  pumping  pulse  duration.  The 
Stokes  pulse  is  generated  by  the  interaction  between  the  incident  laser  field  and  the  acoustic  field  so  when  the  Stokes  pulse 
will  have  a  maximum,  the  transmitted  pulse  will  have  a  minimum.  When  the  Stokes  radiation  propagates  through  the  fiber, 
the  leading  edge  of  the  Stokes  pulse  increases  in  intensity  but  its  tail  can  continually  lose  energy  back  to  the  laser  pulse.  The 
regenerated  laser  pulse  will  have  the  phase  shifted  with  n  and  can  generate  a  new  Stokes  pulse  in  interaction  with  the 
acoustic  field,  if  it  has  enough  energy  the  process  repeating  until  the  energy  will  decrease  under  the  SBS  threshold. 
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4.  CONCLUSIONS 


We  have  demonstrated  that  phase  conjugation  in  multimod  quartz  fibers  can  be  a  good  means  to  correct  phase  distortions  in 
solid-state  lasers  with  high  quality  beam. 

The  SBS  threshold  energy  of  the  fibers  is  lower  in  comparison  with  other  nonlinear  media  (CS2)  and  decreases  at  small  core 
diameter.  The  reflectivity  and  the  fidelity  are  dependent  on  the  coherence  length  of  the  pump  laser.  The  power  of  the  input 
pulse  is  limited  by  the  damage  threshold  of  the  optical  fiber  (1  GW/cm^  for  the  nanosecond  laser  pulses).  Under  increased 
pumping  power  the  transmitted  pulse  and  the  Stokes  pulse  exhibit  multiple  pulse  behaviour. 
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ABSTRACT 

An  extension  of  the  ’’Orthogonal  Collocation  Method”  is  proposed  in  order  to  treat  various  realistic  problems  of 
nonlinear  waveguiding  in  multiple-layer  structures.  The  simulation  results  may  be  an  important  factor  in  designing 
multiple  quantum  wells  structures  (MQW)  structures  which  are  widely  used  in  optical  signal  processing  devices. 

Keywords:  nonlinear  waveguiding,  multiple-layer  structure,  Orthogonal  Collocation  method. 

1.  INTRODUCTION 

There  is  a  large  number  of  linear  and/or  nonlinear  optical  devices  based  on  the  ’’multiple  quantum  wells”  (MQW) 
waveguide  structures  -  MQW  laser,  filters,  directional  couplers,  quantum  -  confined  Stark  modulator,  self-electro¬ 
optic  devices,  bistable  optical  devices  -  which  are  highly  studied  experimentally.  The  characteristics  of  the  linear 
and  nonlinear  waveguided  propagation  in  multiple-layer  systems  are  a  problem  of  crucial  importance,^  due  to 
their  potential  use  in  the  domain  of  optical  signals  processing.  This  type  of  optical  structures  offer  advantages  that 
include:  suitability  for  integration  of  device  components,  strong  nonlinearity,  very  fast  response  time. 

Our  paper  presents  a  new  method  for  the  numerical  simulation  of  several  realistic  problems,"^  ^  which  include  the 
case  of  linear  and/or  nonlinear  media  having  an  arbitrary  refraction  index  profile  and/or  nonlinearities  caused  by 
various  mechanisms  (thermal  nonlinearities,  electronic  distortion,  molecular  orientation),  obtaining  the  TE  and  TM 
solutions  for  this  type  of  MQW  waveguiding  structures. 

The  numerical  methods  used  to  solve  this  kind  of  problems  based  on  the  finite-element  technique,^  the  ’’averaged 
index”  method,^  the  ’’beam  propagation”  method,^  are  well  known,  as  well  as  their  difficulties  and  limits.  An 
extension  of  the  ’’Orthogonal  Collocation  Method”  is  applied,  for  the  case  of  coupled  differential  equations  and  an 
infinite  range  of  independent  variables.  The  accuracy  and  the  results  are  compared  to  the  available  ones  obtained 
by  using  other  techniques. 

Several  specific  cases  were  solved,  comparing  the  results  afterwards  with  the  available  ones,  obtained  by  using  other 
methods,®  a)  linear  structures  with  different  layer  number  and  widths;  b)  nonlinear  systems  with  different 

nonlinearity  mechanisms. 


2o  THE  WAVEGUIDING  PROBLEMS 

The  collocation  methods  belong  to  the  family  of  weighted  residuals  used  in  solving  differential  equations,*^  The 
solution  of  a  differential  equation  is  written  as  a  linear  or  polynomial  combination  or  as  a  linear  combination  of  a 
set  of  polynomials  or  functions.  The  development  coefficients  are  obtained  from  the  condition  that  it  must  verify 
exactly  the  given  differential  equation,  for  a  certain  number  of  points  belonging  to  the  axis  (or  plane)  of  independent 
variables.  These  are  the  so-called  ’’collocation  points”.  In  the  initial  forms,  they  were  chosen  to  be  equidistant  but 
such  a  technique  implied  the  occurrence  of  divergence  in  results  (the  phenomenon  is  known  as  ”Runge  divergence”). 
The  solution  is  to  use  orthogonal  polynomials  as  basis  functions  of  the  development. 

The  results  provided  by  this  method  are  comparable  to  the  Galerkin  ones  from  the  precision  point  of  view ,  but  the 
implementation  is  much  simpler.  The  symmetry  and  the  spatial  period  of  the  guiding  structure  are  the  ’’key”  for  the 
choice  of  the  orthogonal  functions  basis,  in  the  case  of  an  infinite  set  of  independent  variables  the  most  appropriate 
being  the  Hermite-Gauss  or  Laguerre-Gauss  functions. 
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TE  polarised  waves  in  MQW  waveguides 

The  Maxwell  equations  imply  that  the  TE  polarised  waves  in  MQW  waveguides  (consisting  of  M  ’’barrier-well”  pairs 
having  t},  and  tg  widths)  must  verify  the  equation: 

^  +  {kle',-0^)E,=Q  (1) 

where:  -  wave  number  for  the  free  space,  /?  -  propagation  constant  for  the  propagation  direction 


ai  =  coeon?^-n|'  (2) 

with  Co  -  light  speed  in  vacuum,  -  nonlinearity  coefficient  for  each  medium,  -  optical  nonlinearity  coefficient 
(n"  =  0  for  linear  media),  n^-  refraction  index  of  each  layer,  z  =  1,  M 

where  ”s”  depends  on  the  nonlinearity  type  (  s  =  2  for  the  Kerr  -  like  case). 

The  total  optical  power  for  TE  waves,  per  unit  length  along  the  ”x”  axis  is  then  given  by: 

oo  oo 

P=\ j  E,H;dy=^.^.  j  \E,\^dy  (3) 

—  OO  — oo 

2o2o  TM  polarised  waves  in  MQW  waveguides 

For  the  TM  polarised  waves  and  the  same  guiding  structure  one  obtaines: 


where: 


+  <^if{Ey)  +  bif{Ez) 

z  ^i{Ey)  “h  dif  {Ez) 


(4) 

(5) 


while  the  bi  values  depend, citeS,^^  on  the  considered  mechanism:  6  =  a  for  thermal  nonlinear itities,  b  =  a/3  for 
electronic  distortions  type,  b  =  —a/2  for  molecular  orientation  nonlinearities. 

For  the  computation  of  e^  y  and  ^  ,  the  Ey,  Ez  are  involved  and  they  are  given  by: 


E  —  - 

_JLY. 

■H^ 

coeo  \} 

'coj  €; 

II 

-L. .  fl 

CoCo 

di 

dH^ 

dy 

thus  the  problem  imply  to  solve  the  coupled  equations  (4),  (5),  (6),  (7). 

The  total  optical  power  for  the  TM  case  per  unit  length  along  the  ”x”  axis  is  defined  by: 


oo 

—  oo 
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2co€o 
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ko 


—  OO 


(6) 

(7) 


(8) 
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3o  THE  EXTENDED  ’’ORTHOGONAL  COLLOCATION”  METHOD 

For  the  three  -  dimensional  case,  the  solution  of  the  equations  (1)  or  (4)  is  written  as  a  double  linear  combination 
over  sets  of  appropriate  orthogonal  functions:: 


N1  N2 

ip{x,y,z)  =  X)  IZ  Knm{z)^n{x)'nm{y) 

71=1  m=l 


(9) 


where  ^m(y)  are  Hermite-Gauss  functions: 


$^(a;)  =  iVn-iHn-i(ax)exp  J 

rhn{y)  =  Mm-iHm-iiiy)  exp  |— ^7v|  (19) 


and  Nn-i,  Mm-i  are  the  normalisation  constants, a  and  7  -  two  parameters  which  can  be  arbitrarily  fixed. 

Choosing  a,  7  and  iVi,  N2  values  is  a  crucial  step  for  the  accuracy  of  the  solution.  This  is  certainly  increased  as  a 
function  of  the  collocation  points  numbers  (iVi,  N2)  while  a  and  7  are  established  in  correlation  with  the  and 
values,  such  that  to  obtain  a  sufficiently  accurate  division  of  the  domain. 


The  collocation  points  are  calculated  from  the  condition: 


HN2{iyi)=0,  (11) 

thus  from  the  well-known  zeroes  of  ^ati+i  ^N2+i  respectively. 

If  one  writes  the  TE  and  TM  wave  equations  for  this  double  set  of  points,  then  one  obtains  a  differential  equations 
system  of  the  following  type: 


dz^ 


+  So^  +  -1-  jR(^)  =  0 


where  ^  is  a  ATI  x  N2  matrix  defining  the  (p{x^y)  field  on  a  matrix  of  collocation  points 


(12) 


and 

with: 


[B]ki  = 


dx^ 


Xi 


(13) 


(’•^) 

The  matrbc  T  is  computed  as  th  matrix  So  ,  for  Tj^y)  and  the  set  of  points  {j/j }  with  j  =  1,  N2  .  The  term  fi(lf') 
is  a  ATI  X  N2  matrix  whose  elements  are  given  by  the  linear  contributions  in  Ex  for  the  TE  case  and  in  Hx  for  the 
TM  case,  respectively,  calculated  on  the  points  (xj,  y/),  j  =  1,  A/'l,  I  =  1,N2, 

Solving  the  system  (12)  is  in  consequence  possible  and  straigthforward  by  using  a  typical  method  such  as  Runge- 
Kutta  of  the  forth  order,  obtaining  therefore  the  electric  and  magnetic  field  profiles. 
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4o  LINEAR  MQW  GUIDES 

The  method  was  firstly  tested  on  the  cases  of  TE  and  TM  waves  propagation  in  the  linear  type  MQW  structures. 
In  these  cases,  all  the  media  of  the  MQW  structures  are  linear,  i.e.:  =  0,  i  —  1,3,  such  that  the  equation  (2) 

must  be  written  as:  ^  =  6^  =  n?  for  the  TE  waves  and  the  equation  (5)  must  be:  ^  ^  =  €i  =  n?  for  the 

TM  waves. 

Using  orthogonal  collocation  method,  a  MQW  guiding  structure  was  studied  for  the  case  of  a  material  system 
GaAs-GaAlAs  having  the  following  linear  parameters: 

rzi  =  11.56;  nl  —nl  =  11.22;  ^  =  4 

such  that  to  be  able  to  compare  the  results  with  the  ones  obtained  by  the  finite  element  and  averaged  index  method.^ 
The  following  results  were  derived: 

A)  The  number  of  modes  and  the  propagation  constant  {13 /ko)  are  growing  while  the  barriers  number  increases, 
if  the  barrier  width  is  kept  constant.  There  is  a  very  good  agreement  with  the  two  mentioned  methods  if  the 
structural  period  is  small  enough  in  comparison  with  the  guiding  region  width.  Otherwise  certain  differences  occur 
only  for  the  ’’averaged  index”  method  which  can  not  simulate  correctly  the  given  structure  anymore. 


Fig.l  The  error  in  the  correlation  factor  as  a  function  of  the  number  of  the  collocation  points 

B)  The  modal  birefringence  calculation,  for  TEo  and  TMq,  as  a  function  of  the  well  width  and  for  different 
barrier- well  numbers,  lead  us  to  the  conclusion  of  having  optimum  values  of  tg  =  26, 8.4, 5.3nm  for  a  number  of 
barriers  N  =  10,  30,  50  respectively,  in  a  good  agreement  with  the  results  given  by  the  finite  element  method: 
tg  =  25,  8.6,  5.2nm  and  for  the  same  N  -  values. 

C)  The  number  of  modes  and  the  corresponding  propagation  constants  were  computed  for  several  values  of  the 
ratio  well-to-barrier  width  (r  =  tg/tb).  We  thus  proved  the  variation  of  these  parameters  with  r  and  we  calculated 
the  maximum  value  of  the  birefringence  for  r  =  1,12,  if  r  was  tuned  between  0.5  and  2.  The  results  in^  offered 
us  a  value  r  =  1.0.  In  addition,  we  can  plot  the  error  in  the  correlation  factor  as  a  function  of  the  number  of  the 
collocation  points  (fig.l)  and  as  a  function  of  the  propagation  distance  (fig.2). 
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Fig.2  The  error  in  the  correlation  factor  as  a  function  of  the  propagation  distance 

5o  CONCLUSIONS 

The  orthogonal  collocation  method  was  then  applied  for  a  nonlinear  MQW  guiding  structure  having  the  following 
parameters:  n'/  =  =  0,  n^'  =  a2{coeonl)  =  2x  the  total  width  of  the  MQW  region:  T  =  610nm;  r  = 

0.5  and  the  barriers  number  N  =  30. 

The  structure  was  chosen  as  in^  such  that  one  is  able  to  compare  the  results.  In  order  to  test  the  validity  of  our 
technique,  we  studied  several  problems: 

A)  The  effective  refraction  index  Pko  convergence  as  a  function  of  the  iterations  number,  for  the  following  cases: 
Al)  a  nonlinear  TEq  mode  for  a  Kerr  -  like  problem  {s  =  2) 

A2)  a  nonlinear  TMo  mode  for  the  nonlinearity  mechanism  given  by  electronic  distortions  {h  =  a/Z  and  s  =  2), 
for  different  values  of  the  total  optical  power  P. 

The  limiting  values  of  the  optical  power  were  calculated  starting  from  the  equations  (3) ,  (8) . 

One  can  notice  in  the  following  tables  the  comparison  between  the  values  of  the  propagation  constant,  computed 
for  the  TEq  and  TMq  modes,  as  well  as  the  extremum  values  of  the  functions  involved  in  optical  power  calculation, 
obtained  from  two  numerical  procedures:  the  orthogonal  collocation  and  the  finite  element  method. 

Tab.  1.  TEq  mode  values  of  the  propagation  constants  at  different  values  of  the  optical  power,  by  two  numerical 
methods  _ 


TEo 

- s - 

(P  =  2(K)W/m) 

- 2 - 

(P  =  AmWIm) 

- 2 - 

(P  =  mmirn) 

- 2 

(P  =  8(X)W/m) 

Orthogonal 

Collocation 

4.25613 

5.43618 

6.43821 

7.26223 

Finite 

Element 

4.25602 

5.43600 

6.43809 

7.2621 

Tab.  2.  TMo  mode  values  of  the  propagation  constants  at  different  values  of  the  optical  power,  by  two  numerical 
methods  _ 


TMo 

- 2 - 

(P  =  2(K)W/m) 

- 2 - 

(P  =  4(X)Ty/m) 

- 2 - 

(P  =  6(X)W/m) 

- 2 

(P  =  8C»VF/m) 

Orthogonal 

Collocation 

3.66810 

3.87808 

4.02518 

4.31220 

Finite 

Element 

3.66806 

3.87801 

4.02510 

4.31212 
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B)  Computing  the  electric  field  profiles  for  TEb?  TMq  and  nonlinear  guided  modes,  as  functions  of  the  total 
optical  power  F,  for  different  nonlinearity  mechanisms: 

h  =  a^h  a/Z^h  =  “a/2, r  =  0.5 

when  for  the  TEq  case  we  assumed  s  =  2,  we  were  able  to  compare  the  maximum  values  of  ^/^Ex  and  Hx  parameters 
for  different  values  of  the  optical  power,  as  presented  in  tab. 3. 

Tab.  3.  The  maximum  values  of  y/^Ex  and  Hx  parameters  for  different  values  of  the  optical  power  and  two 
nimerical  methods 


Mode 

TEo 

TMo  1 

Numerical  Method 

P{W/m) 

P{W/m) 

Orthogonal  collocation 

3.223 

200 

0.711 

400 

Finite  Element 

3.201 

200 

0.703 

400 

Orthogonal  collocation 

6.427 

600 

1.258 

1000 

Finite  Element 

6.413 

600 

1.250 

1000 

Orthogonal  collocation 

8.140 

1000 

1.621 

1500 

Finite  Element 

8.126 

1000 

1.601 

1500 

As  a  consequence,  the  field  distributions  dependent  on  the  power  P  and  there  is,  for  the  case  h  =  -a/2,  even 
a  threshold  value  of  the  power  {Pum  =  ll^OW/m,  according  to  the  finite  element  method  and  Pn^  ^  1200W/m 
according  to  the  orthogonal  collocation  method)  which  may  be  used  in  designing  power  limiting  devices.  The  analysed 
properties  may  be  of  major  importance  for  designing  and  optimising  the  devices  based  on  MQW  structures. 
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ABSTRACT 

TTie  aim  of  this  paper  is  to  present  some  results  in  the  experimental  study  of  heat  transfer  in  fluids  by  optoelectronic 
methods.  The  diermal  source  was  a  thin  metal  wire  (TMW)  heated  by  electrical  impulses  and  the  propagation  medium  was 
die  distilled  water.  We  studied  the  following  configurations  for  die  thermal  wave  propagation  and  heat  transfer 

1 .  horizontal  TMW  fer  from  die  water  tank  walls; 

2.  horizontal  TMW  in  the  proximity  of  a  vertical  metal  wall  and  at  a  discontinuity  introduced  by  another  metal  wire; 

3.  horizontal  TMW  widi  a  controlled  air  bubble  flow. 

The  phase  perturbations  in  the  transparent  medium  (water)  were  visualised  by  a  compact  schlieren  system  with  laser  diode 
illumination  and  were  digitally  processed  in  a  PC.  These  results  offer  a  better  understanding  of  some  progressively  complex 
diermohydrodynamic  phenomena.  Some  possible  ^plications  are  in  visualisation  of  die  route  to  turbulence  in  these  flows 
and  in  designing  calibrated  phase  objects. 

Keywords:  Schlieren  technique,  heat  transfer,  multiphase  turbulent  flow 


1.  INTRODUCTION 

For  the  majority  of  heat  transfer  in  fluids  and  fluid  dynamic  problems,  an  analysis  of  the  processes  taking  place  in  a  flow 
field  is  only  feasible  with  the  help  of  flow  and  heat  transfer  visualisation.  A  flow  picture  provides  some  global  information 
about  the  flow  field,  which  is  indispensable  for  a  qualitative  description  of  the  phenomena.  Based  on  the  visualisation, 
further,  more  detailed  and  quantitative  measurements  may  be  performed. 

The  schlieren  technique  is  a  simple,  noninvasive  and  real-time  procedure  for  visualising  phase  n<Mi-uniformities  in 
transparent  media  and  their  temporal  and  spatial  evolution  ' '  A  schlieren  instrument  records  changes  in  the  refractive 
index  distribution  of  transparent  media  i.e  the  distribution  of  the  refractive  index  gradient.  Areas  of  equal  ^ey  level  in  the 
schlieren  patterns  describe  zones  of  equal  deflection  angles  of  the  light  rays.  Fluid  flows  are  purely  phase  objecte  since  their 
only  effect  is  to  produce  a  difference  in  optical  path  between  various  regions  of  the  incident  wavefront.  The  distribution  of 
tile  refractive  index  gradient  can  be  related  to  density,  temperature,  or  pressure  distributions  wititin  the  flow. 

We  present  the  results  in  the  visualisation  of  the  heat  transfer  in  water  and  in  water  with  bubble  flow,  in  different  conditions, 
obtained  witii  a  compact  schlieren  system  which  use  a  red  laser  diode  as  light  source. 


2.  EXPERIMENTAL  SET-UP 

The  phase  perturbations  in  the  transparent  medium  (water)  due  to  the  thermal  fronts  propagation  were  visualised  and 
recorded  by  the  experimental  arrangement  shown  in  Fig.  1.  The  schlieren  system  has  been  setup  with  a  single  transverse 
mode  laser  diode  (SDL  7501)  as  light  source  (P  =  15  mW,  X  =  633  nm)  which  provides  an  uniform  and  intense  illumination. 
We  also  used  a  He-Ne  laser  (P  =  20  mW,  X  =  633  nm)  to  compare  the  quality  of  the  schlieren  images. 
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A  “knife-edge”  filter  placed  on  a  micrometric  x-y  translation  stage  allows  Ifae  visualization  of  the  refiactive  index  gradient 
along  any  direction  by  suitable  rotation,  particularly  the  vertical  or  horizontal  component  of  the  refiactive  index  gradient.  A 
horizontal  wire-type  heater,  placed  perpendicular  to  the  light  beam  direction,  generates  thermal  £*0018  in  a  water  tank  with 
optical  windows.  A  thermocouple  sensor  in  contact  with  the  heater  measured  the  difference  between  heater  and  water 
temperatures.  The  schlieren  patterns  have  been  recorded  using  a  CCD  video  camera  connected  to  a  VCR  or  to  a  PC  widi  a 
finme-grabber,  for  fiiither  processing. 

To  study  the  influence  of  die  bubble  flow  on  the  heat  transfer,  the  experimental  set-up  was  provided  with  a  bubble  generator 
consisting  in  a  battery-supplied  micro-pump,  connected  to  a  small  diameter  pipe  placed  under  die  heater.  This  generator 
allowed  us  to  obtain  single  air  bubbles  at  controlled  time  moments,  correlated  with  the  thermal  fi^onts  evolution. 


He-Ne  laser  (20  mW) 
(H*  laser  diode 


low  voltage 
supply 


(633nm,  15ti 

nW)  i 

warn] 

micro-pump 


toipoature 
reading  system 


thermocoiqiie 
(Ni-NiCr)  • 


wire-type 
heater 


water  tank 


LI,  L2  -  beam  ejqjander  and  collimating  system 
FLl,  FL2  -  FouriCT  lenses  (the  FLl  image  focus 
plane  and  the  FL2  object  focus  plane  are  id^tic^ 
to  the  ‘Icnife-edge”  filter  plane. 


translatioi  stage 
with  “knife-edge’V 
filter 


Monitcx* 


screoi 


Fig.  1  Schlieren  experimental  set-up 


The  images  obtained  in  the  experiments  with  the  air  bubble  flow  have  been  recorded  using  a  video  camera  (Panasonic 
SVHS  625;  recording  speed  50  frames/s)  with  variable  shutter  time.  The  following  exposure  times  have  been  used:  1/120, 
1/250,  l/500s.  The  images  recorded  on  the  VCR  have  been  digitised  (colour,  24  bits  or  grey  level,  8  bits). 


3*  EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 

Schlieren  technique  was  used  to  visualise  the  propagation  of  linear  thermal  fronts  in  distilled  water  and  their  distortions 
produced  by:  the  presence  of  a  vertical  metallic  wall;  the  change  of  the  heater  profile  and  the  rising  air  bubbles. 

The  heater  has  been  placed  close  to  the  bottom  of  the  water  tank.  The  motion  of  the  thermal  front  has  been  continuously 
recorded  by  a  VCR,  from  the  moment  it  left  the  heater  and  until  it  arrived  to  the  free  surface  of  the  water. 

In  Fig.  2a,  b,  c  are  shown  snapshots  of  the  rising  thermal  front.  These  images  have  been  obtained  by  short  heating  (about  5 
sec.)  of  the  linear  heater,  increasing  its  temperature  with  approx.  5®C.  The  thermal  front  produced  by  the  linear  wire  heater 
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(a) 


(b) 


(c) 

Fig.  2  Snsqjshots  of  the  rising  thermal  front:  a)  the  thermal  front  produced  by  the  linear  wire  heater  for  from  the  walls  of  the  water  tank;  b) 
the  thennal  front  produced  by  the  linear  wire  heater  close  to  the  metallic  wall  (die  wire  heater  p^es  horizontal  across  the  w^  tank  and 
vertical  along  the  metallic  wall);  c)  the  distortions  of  the  tiiermal  front  produced  by  a  non-uniformity  created  on  the  metallic  heater. 
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fer  from  the  walls  of  the  water  tank  is  shown  in  Fig.  2a,  and  close  to  the  metallic  wall  of  the  tank,  in  Fig.  2b  (die  wire  heater 
passes  horizontal  across  the  water  tank  and  vertical  along  die  metallic  wall).  The  thermal  fronts  are  the  horizontal  black 
bands  in  the  middle  of  die  image.  Fig  2c  shows  the  distortions  of  the  thermal  front  produced  by  a  non-uniformity  created  on 
the  metallic  heater  (both  diameter  and  heat  capacity  are  changed  along  a  region  of  die  wire).  The  increasing  of  die  heat 
capacity  produce  a  delay  in  the  building  of  the  thermal  front.  TTie  diameter  of  the  heater  has  been  changed  by  wrapping  a 
small  diameter  metallic  wire  around  the  heater. 

Experiments  shown  die  influence  on  the  building  of  the  thennal  front  of  both  the  heating  duration  and  the  amount  of  the 
heat  dissipated  in  die  wire  heater.  Propagation  of  die  thermal  front  is  strongly  influenced  by  the  previous  heating  cycles 
which  are  changing  the  water  temperature  as  a  whole  and  also  its  vertical  gradient.  These  affect  the  Archimedic  force  and 
the  heat  transfer.  After  several  heating  cycles  the  heat  accumulated  in  the  top  layers  of  the  water  produces  a  vertical 
teinperature  and  density  gradient  inside  the  tank.  As  die  thermal  front  is  rising,  the  Archimedic  force  is  lowering  and  die 
rising  speed  is  going  to  zero,  the  thermal  front  is  spread  and  die  convection  and  diffusion  mechanisms  become  dominant 

From  a  sequence  of  images  of  a  rising  linear  thermal  front  (like  that  presented  in  Fig.  2a),  recorded  with  a  VCR  and  further 
acquired  with  a  frame  grabber,  we  were  able  to  measure  the  distance  traversed  by  the  thermal  fixmt  as  a  function  of  time. 


Fig.  3  The  distance  traversed  by  the  thennal  front  as  a  function  of  time.  The  experimental  data  (dots)  and  the  theoretical 
dependence  (continuous  line)  for  two  heating  temperatures:  a)  2°C  and  b)  6®C). 
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2  (t=20ms)  -  bubble  in  tiie  field  between  the  wire  heater  and  the 
thermal  front 


7  (t=120ms) 


3  (1r=40ms) 


8  (t=140ms) 


4(t=60ms) 


Fig.  4  Rising  thcnnal  front  (separated  from  the  wire  heater)  disturbed  by  the  air  bubble  (heating  temperature  exposure  time  - 

1/120S) 
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The  dependencies  obtained  for  two  values  of  the  heating  temperatures  of  the  heater  (2®C  and  6®C)  are  shown  in  Fig.  3a,b 
(dots).  The  experimental  data  show  that  for  short  times  after  heating  the  wire  the  rising  of  the  Aermal  fi'ont  due  to  the 
Archimedic  force  is  dominant,  so  that  in  the  first  approximation  for  this  case,  thermal  convection  and  diffusion  may  be 
neglected.  As  experiments  suggested,  we  considered  a  simplified  model  according  to  which  the  heat  transfer  from  the  wire 
to  Ae  water  layer  from  its  vicinity  creates  a  cylinder  of  heated  water  which  after  leaving  the  wire  keeps  for  a  given  time  an 
approximately  constant  diameter.  A  further  simplification  was  to  consider  a  constant  density  (temperature)  inside  Ae 
cylinder.  This  cylinder  is  moving  accelerated  by  Ae  Archimedic  force  up  to  a  constant  velocity  determined  by  a  resistive 
force  proportional  to  Ae  velocity.  According  to  this  simplified  model  Ae  space  -  time  function  depends  on  two  parameters, 
aandZ^: 


y  =  (a/b)[exp(-bf)  -  l]+ar 


0) 


The  best  fit  of  Ae  experimental  data  wiA  Eq.  1,  for  a  =  1.45  mm/s,  b  =  0.1  s  ^  respectively  a  =  1.7  mm/s,  b  =  0Al  s'*  is 
shown  in  Fig.  3a,b  (Ae  continuous  line). 

In  Eq.  1  Ae  parameter  a  represents  Ae  asymptotic  velocity  of  Ae  Aermal  front,  corresponding  to  Ae  maximum  slope  of  Ae 
space  -  time  dependence  in  Fig.  3.  As  can  be  seen  in  Fig.  3b,  for  longer  time  intervals  Ae  propagation  velocity  is 
decreasing.  This  is  due  to  Ae  fact  Aat  Aermal  convection  and  diffusion  become  to  play  an  important  role.  This  fact  is  also 
shown  by  Ae  spreadmg  of  Ae  intensity  distribution  m  Ae  schlieren  image  due  to  Ae  increasing  of  Ae  cylinder  Aameter  and 
Ae  corresponding  decreasing  of  Ae  temperature  gradient  up  to  Ae  dis^pearance  of  Ae  cylinder  (Aerm^  front)  image. 

The  heat  transfer  in  multiphase  multicomponent  turbulent  flows  is  an  important  and  difficult  problem  for  Ae  safety  of  Ae 
nuclear  power  plants  and  chemical  reactors.  The  distorsions  of  Ae  Aermal  front  propagation  produced  by  a  single  bubble 
flow  were  visualised  with  our  schlieren  system  (Fig.  4).  In  this  figure  Ae  vertical  axis  is  reversed.  The  heating  temperature 
was  ~  5X. 


3.  CONCLUSIONS 

A  compact  schlieren  system  wiA  red  laser  diode  illummation,  CCD  camera  recording  and  image  computer  processing  was 
built.  This  system  was  used  for  visualisation  of  temporal  and  spatial  evolution  of  Ae  Aermal  fronts  in  water,  for  various 
experimental  conditions.  The  experiments  have  shown  that  Ae  schlieren  method  is  capable  of  producing  good  contrast 
images  of  Ae  refi*active  index  changes  for  local  heating  as  small  as  1°C  in  Ae  near  vicinity  of  Ae  heater.  The  experimental 
results  for  Ae  propagation  of  a  Imear  Aermal  front  are  in  good  agreement  wiA  Ae  simple  model  we  proposed.  The  study  of 
Ae  propagation  of  linear  Aermal  fronts  in  liquids  allows  Ae  investigation  of  more  complex  phenomena,  like  Ae  turbulence 
appearing  in  multiphase  multicomponent  flows. 
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ABSTRACT 

We  consider  the  jKoblem  of  wavelength  reuse  assignment  and  of  routing  in  ali-o{rtical  networks.  Since  the  ^paoty  of 
number  of  wavelengths  of  current  optical  communication  devices  ate  restraint,  the  ojrtical  wavelength  reuse  is  the  only 
solution  for  this  issue.  The  problem  is  NP-complete  and  therefore  does  not  have  one  and  only  solutioa  Several  algorithms 
were  proposed  along  the  years  on  this  subject.  In  this  work  we  develop  a  metric  for  Wavelength  Assignment  Algorithms 
(WAA)  in  all-optical  networks  like  deBruijn  networks  for  instance.  We  derive  an  uRjer  bound  of  traffic  corresponding  to 
connections  in  such  a  network.  The  bound  depends  on  the  number  of  wavelengths,  number  of  nodes  and  number  of  edges  of 
the  network  respectively.  We  compare  the  bound  with  the  simple  shortest  path  algorithm  to  test  its  vahdity.  The  simulation 
test  results  show  that  it  is  feasible  to  get  several  all-optical  connections  to  each  node  in  a  large  network  using  a  relatively 
limited  number  of  wavelengths  compared  with  the  number  of  traffic  sources. 

Keywords:  optical  communications,  algorithm,  metric,  upper  bound  of  traffic 

1.  INTRODUCTION 

In  this  work  we  develop  a  metric  for  Wavelength  Assignment  Algorithms  (WAA)  in  all-oi^cal  networks.  Compared  to 
conventional  optical  networks  where  at  each  node  an  optical  to  electronic  conversion  and  vice  versa  is  made  the  all  optical 
networks  assume  that  no  conversion  is  made  at  one  node  and  the  optical  signal  is  just  re-routed  or  converted  to  another 
wavelength  at  one  node.  Another  effect  is  that  no  buffering  is  done  at  the  intermediate  nodes. 


Fig.  1 A  WDM  all-optical  network 

In  an  all-optical  networic  each  connection  must  be  assigned  a  specific  path  in  the  network  and  a  wavelength  which  is  the 
camp,  on  every  link  on  the  assigned  path.  Moreover,  the  wavelengths  and  paths  assigned  must  be  such  that  no  two  paths  that 
share  an  edge  are  assigned  the  same  wavelengjh 

The  WAA  problem  has  been  considered  earlier  in  [1-4].  Several  heuristic  algorithms  have  been  proposed  and  their 
performance  has  been  quantified  via  simulation. 

A  similar  muling  problem  arises  in  circuit-switched  telephone  networks.  Here,  one  has  to  route  cormections  selecting  a 
path  for  connection  such  that  there  is  a  circuit  available  to  accommodate  the  call  in  every  link  on  the  path.  In  flie 
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optical  model  we  must  satisfy  not  only  the  constraint  specific  for  switched  networks  but  also  the  additional  constraint  that 
the  same  wavelength  has  to  be  assigned  to  the  connection  on  every  link  in  the  path. 

The  routing  problem  in  circuit-switched  networks  has  been  studied  extensively.  It  is  well-known  that  the  routing  problem 
can  be  formulated  as  an  integer  linear  problem  (ILP).  It  was  shown  that  an  upper  bound  on  the  carried  trafiBc  can  be 
obtained  by  relaxing  the  ILP  to  a  linear  program  (LP)  and  moreover  that  the  bound  holds  for  random  offered  traffic  as  well. 
Since  the  WAA  problem  in  our  model  is  a  more  constrained  version  of  the  routing  problem  in  circuit-switched  network,  it  is 
clear  that  this  bound  will  also  be  an  upper  bound  for  the  carried  traffic  in  our  network  model.  Our  objective  in  this  p^r  is 
to  derive  a  better  upper-bound. 

We  will  first  consider  the  case  when  we  are  given  a  fixed  set  of  coimections  to  be  routed.  We  formulate  the  WAA  problem 
as  an  integer  linear  program  (ILP)  where  the  objective  is  to  maximize  the  number  of  connections  that  are  successfully 
routed.  If  we  relax  the  integrality  constraints  in  this  ILP  we  get  an  LP  whose  value  represents  an  upper  bound  on  the  number 
of  connections  that  can  be  successfully  routed 

2.  PROBLEM  FORMULATION 

The  network  is  represented  by  an  undirected  graph  G.  We  assume  that  all  connections  to  be  routed  are  full  duplex,  all  links 
are  bi-directional  and  a  duplex  connection  is  using  a  single  wavelength  1. 

Let  N  denote  the  number  of  source-destination  (s-d)  pairs  in  the  network,  M  the  number  of  links  and  A  the  number  of 
wavelengths  available  on  each  link.  For  any  WAA  algorithm  let  /=1,..,N,  denote  the  number  of  connections  carried 
between  source-destination  pair  i  and  n  the  N-vector  («,).  Let  p  denote  the  total  offered  load,  ptp  the  offered  load 

between  source-destination  pair  /  and  p  the  N-vector  {p^.  The  offered  load  for  the  deterministic  case  is  the  number  of 
connections  that  are  available  to  be  routed.  In  the  random  case  it  is  expected  that  the  number  of  connections  to  be  in 
progress  if  one  could  successfully  route  all  call  arrivals. 

Let  P  denote  the  total  number  of  available  paths  on  which  coimections  can  be  routed.  The  set  of  paths  will  either  be  given  or 
can  be  routed.  The  set  of  paths  could  either  be  given  or  can  be  computed  given  the  graph  G  and  the  set  of  source-destination 
pairs. 

Let  A={aij)  be  the  PxN  path  s-d  pair  incidence  matrix  where 


if  path  /  is  between  source-destination  pair  j 

Q  otherwise  (1) 

Let  B=(bij)  be  the  PxM  path-edge  incidence  matrix,  where 


fj  iflinkyisonpath/ 


otherwise 


(2) 


A.  The  straightforward formulation 


The  operation  of  every  WAA  algorithm  in  an  optical  network  can  be  represented  by  a  PxA  path-wavelength  assignment 
matrix  which  we  denote  by  C=(c^  where 


^v  = 


0, 


if  the  WAA  algorithm  assigns  wavelength  j  to  path  i 
otherwise 


(3) 
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The  optimal  WAA  algorithm  for  the  deterministic  case  is  found  by  solving  the  following  ILP  whose  value  we  (fcnote  by 

Co(p,p)- 

The  objective  is  to  maximize  the  carried  traffic 

q,(p,/>)=max2]ff^  W 

fei 

subject  to 

«,  S0,  integer,  (5) 

Cj, S 0, integer,  i=l,...,P,  j  =  l . ,A 

C^B  S  Iaxm 

is  the  capacity  constraint  and  denotes  that  only  one  wavelength  is  used  on  a  given  link 
The  traffic  demands  are 

n<lAC'^A  (6) 

ni<pip  i  =  l,...,N 

where  lx  x  y  represents  anXxY  mairix  all  of  whose  elements  are  unity  and  lx  represents  a  1  x  X  matrix  all  of  whose 
elements  are  unity. 

The  circuit-switched  network  operates  as  follows. 

We  represent  the  operation  of  any  routing  algorithm  as  a  vector  of  path-flows  pf  =  (pfi)  wkere  pfi  denotes  the  flow  on  path  i. 
Then  the  optimal  routing  algorithm  for  the  deterministic  case  is  found  by  solving  the  following  ILP  whose  value  we  ^note 

by  Cc(  p,p). 

The  objective  is  to  maximize  the  carried  traffic 

N 


subject  to 

n,  S0,  integer,  i=l,..,N 
integer,  i=l,...,P,  j  =  l,....,A 

/S^ImA 

which  denotes  that  not  more  than  A  units  of  flow  on  any  link. 

The  traffic  demands  are 

n  <1aC^A 
ni<pp  i  =  l,...,N 


It  is  easy  to  demonstrate  that 


Co(p,p)SCc(p,p) 


(8) 

(9) 

(10) 

(11) 
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As  such  the  optical  and  circuit-switched  traffic  have  an  ictentical  iq^r-bound. 

3.  BETTER  UPPER-BOUND  ALTERNATIVE 

We  will  ure  a  new  graph  Ga  where  each  node  corresponds  to  a  path  in  G  and  two  nodes  in  G^  are  adjacent  if  the 
corresponding  two  paths  in  G  share  a  conunon  link.  Therefore  the  WAA  problem  is  transformed  into  assigning  wavelengths 
to  ncK^  in  Ga  so  that  no  two  ac^acent  nodes  are  assigned  the  same  wavelength.  As  such  a  set  of  paths  in  G  can  be  acrignivi 
a  common  wavelength  only  if  the  nodes  in  Ga  form  an  uutependent  set. 

Let  I.  be  the  number  of  maximal  independent  sets  in  Ga,  let  w,  be  the  number  of  wavelengths  which  are  assignf4  to  the 
nodes  in  independent  set  /  by  a  WAA  algorithm  and  w  the  i?-vector  (w,). 

Let  D=(dij)  belbePxJi  path-independent-set  incidence  matrix 

{j^  if  independent  set  j  contains  path  / 

Q  otherwise  (12) 


The  ILP  whose  value  we  denote  as  To'^fp,  p)  can  then  be  formulated  as  follows  to  maximize  the  carried  traffic 

=  max^m, 

(=1 

subject  to 


(13) 


Wi>0,  integer,  i=l,..,L 

the  following  capacity  restriction  inches  that  there  are  no  more  than  A  units  of  flow  on  a  link 

L 

^  ^  (14) 

7=1 

and  the  traffic  demands  restriction 

pf^wD^  (15) 

n^fA 

ni<pip,  i=l,..,N 

4.  RANDOM  TRAFFIC  DEMANDS 

Let  Pi  denote  the  offered  traffic  to  s-d  pair  /  in  Erlangs,  calls  arrive  at  random  and  have  random  hnirfing  timfts  under  the 
operation  of  an  WAA  algorithm  the  network  is  in  a  random  state  which  we  denote  by  m  =  (m,.  ...  otat)  where  ffjf  is  the 

number  of  calls  in  p-ogress  between  pair  s-d  pair  i.  The  set  of  feasible  states  for  this  network  when  the  number  of  available 
wavelengths  is  A,  which  we  denote  by  Sa,  is  the  set  of  all  non-negative  integer  W-vectors  n  for  which  the  To^  (p,  p)  HP  is 
feasible. 


There  exists  non-negative  integer  vectors  w  s  and  f  s  ^  such  that 


Where 


mA  +  (w- f)B  <AC 
A=(InjcN  OnxP  ()n^) 


(16) 

(17) 


500 


(18) 


f  Olxn 
B=  I 
I -A 


-D-^  11""  1 

I 

Ipxp  Op^  J 


and 


C  =  (On  Op  1) 

Using  the  carried  traffic  for  any  WAA  algorithm  R  for  this  network  satisfies 

\-TR{p,p)<TXr,p)  (19) 

A 

where  r=p/A  and  To(r,  p)  is  the  value  of  the  following  linear  program 


N 

TXr,P)  =  max^:y, 

i=l 


(20) 


subject  to 

sA  +  tB<C  (21) 

s<pr 

The  corresponding  circuit-switehing  LP  obtained  normalizing  the  objective  fimction  and  each  of  the  constraints  in  the 
U^p.  p)  program  by  A  and  dropping  the  integrality  constraints  is 

7;(r,p)  =  max|;^, 

1=1 

subject  to 

s  <  tA  (23) 

tB<lM 
s^p" 

The  blocking  probability  Bj^p,  p)  for  any  WAA  algorithm  is  related  to  its  carried  traffic  by 


tXp^p)  =  p(\  -  bxp,p)) 


Therefore 


and 


BXr,P)^^- 


TSr,P) 


BXr,p)  =  ^- 


TXr,p') 


(24) 

(25) 

(26) 


are  the  lower  bounds  for  the  blocking  probability  of  any  WAA  algorithm  in  the  wavelength-routing  and  circuit-switching 
cases. 
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Proposition  1.  Let  E  be  the  total  number  of  links  in  a  circuit-switched  network  G.  Let  H  denote  the  minimum  number  of 
edges  in  a  shortest-path  between  all  desired  source-destination  pairs  between  whidt  there  is  nonzero  traffic.  Since  a 
connection  takes  at  least  H  circuits  and  there  are  a  total  of  EA  circuits,  the  total  number  of  coimections  that  can  be  supported 
is'^EA/H. 

Thus,  the  maximum  number  of  connections  that  can  be  supported  per  wavelength  is  T/r,  p)  <  E/H. 

Proposition  2.  Let’s  consider  a  circuit-switched  network  G  with  exactly  one  path  between  every  s-d  pair.  Let  p  denote  the 
total  offered  traffic  to  such  a  network  G  with  traffic  pattern  vector  p.  Let  p  denote  the  offered  traffic  to  link  j  in  the  network 
and  let  /w  =  fnaxj  p. 

Let  if  be  the  maximum  traffic  offered  per  length  so  that  the  blocking  probability  is  <  b. 

Then 


=  —  <27) 

Ptazx 

S.  SIMULATION  RESULTS 

We  simulated  two  networks,  one  with  5  nodes  and  the  other  with  20  nodes. 

The  5-nodes  network 

Let’s  consider  the  network  shown  in  Fig.  2.  We  will  denote  the  pentagon  network  with  G  shown  in  Fig.  2. 


1 


Fig.  2  The  5-nodes  network 

We  easily  identify  the  source-destination  pairs  of  interest  indexed  from  1  to  5  to  be  (1, 3),  (2, 4),  (3,  5),  (4, 1)  and  (5, 2),  i.  E. 
each  node  communicates  with  two  other  nodes  in  the  network.  The  paths  of  interest  are  then  123,  1543,  234,  2154,  345, 
3215, 451, 4321, 512, 5432,  and  will  be  indexed  from  1  to  10. 

The  maximal  independent  sets  in  the  path  graph  are  {1, 2},  {3, 4},  {5, 6},  {7,  8},  {9, 10},  {1,  7},  {3,  9},  {5, 1},  {7,  3},  {9, 
5).  For  simplicity  we  will  consider  the  uniform  traffic  case,  i.  e.,  p,=i/5,  ... ,  5. 

Obviously  the  maximum  cardinality  of  an  independent  set  is  2  and  hence  To(r,  p)  <  2,  The  shortest  path  has  two  litiks  {H=l) 
and  there  are  E=5  links  in  the  graph;  hence,  from  Proposition  1  we  get  Tcp(r,  p)  <  Sil. 

Solving  the  linear  programs  yield 
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0<r<2 

r>2 


and 


0<r<5/2 
r>5/2 

Fig.  3  plots  r/r,  p)  and  Tcp(r.  p)  as  a  function  of  r. 


(28) 


(29) 


Kg.  3  Carried  traffic  versus  offered  traffic  for  the  above  five-node  network.  T„(r,  p)  is  the  upper  bound 
without  wavelengfli  coverters  vdiile  To(r,  p)  is  the  tqrper  bound  with  wavelength  converters 

The  20-nodes  network 

We  will  consist  now  a  larger  network  of  20  odes  which  is  close  from  a  topology  point  of  view  to  the  original  Arrant 
network. 


20 


We  will  further  consider  the  class  of  algorithms  that  use  only  shortest  paths.  Let  the  s-d  pairs  of  interest  be  {1, 13),  {2, 7}, 
{3,  15},  {6,  8),  {11,  14},  {4,  20},  (5,  19},  {9,  18},  (10,  17}.  {12,  16}.  There  are  14  shortest  paths  as  foUows:  3  shortest 
paths  betw^n  s-d  pairs  {2, 7}  and  {6, 8}  and  a  sin^e  shortest  path  between  the  other  8  s-d  pairs.  The  path  gr^h  consists  of 
14  nodes  corresponding  to  these  shortest  paths  and  has  43  maximal  independent  sets. 
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We  will  cxnisider  the  uniform  traffic  case.  Fig.  5  i^ows  the  carried  traffic  and  blocking  laobabilily  as  a  function  of  offered 
traffic. 

Hence,  p)  =  p)  =  min(  r,7r /lO  +  l,3r /lO  +  3,6)  (30) 


Fig.  5  Camed  traffic  versus  offered  traffic  for  a  20-nodes  network  assuming  uniform  traffic  To(r,  p)  is  the  uj^)®  bound  on  carried  traffic 
without  wavelength  converters  and  Tcp(r,  p)  is  the  upper  bound  with  wavelength  convertoa 

6.  CONCLUSIONS 

Although  the  bound  presented  can  be  obtained  solving  a  linear  program  the  number  of  variables  in  the  linear  program 
may  be  an  exponential  function  of  the  number  of  source-destination  pairs  in  the  case  of  optical  networks  witihout 
wavelength  converters.  However,  since  the  bound  is  on  a  per-wavelength  basis,  it  need  be  computed  only  once  and  can  be 
scaled  easily  with  the  number  of  wavelengths.  It  can  be  used  as  a  metric  against  which  the  performance  of  different 
heuristics  can  be  compared. 

Using  two  examples  we  showed  that  this  bound  yields  a  better  bound  on  the  carried  traffic  than  the  bound  for  the 
corresponding  circuit-switched  network,  or  equivalently  the  corresponding  optical  network  using  (fynamic  wavelength 
converters. 

We  can  infer  the  following  from  the  above  results; 

1)  One  can  build  large  all-optical  networks  without  wavelength  converters  and  siq^rt  a  modest  number  of  connections 
per  node  with  a  reasonable  number  of  wavelengths.  From  our  simulation,  for  a  128  nodes  network  using  32 
wavelengths  we  can  support  an  average  of  10  full-duplex  cormections  per  node.  Another  exan^le  shows  that  for  a  1000 
node  random  network  we  can  support  an  average  of  5  cormections  per  node  with  average  degree  4  using  32 
wavelengths. 

2)  The  wavelength  converters  offer  a  10-40%  increase  in  the  amoimt  of  reuse  achievable  for  our  sampling  with  a  range 
from  16  to  1000  nodes  for  a  small  number  of  nodes  (10  to  32). 
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ABSTRACT 

During  the  pulsed  high  power  laser  target  interaction  a  local  heating  or  material  ablation  takes  place  in  function  of 
incident  laser  energy.  In  both  cases  a  stress  wave  is  induced  in  the  material  volume  with  characteristics  determined  by  the 
phenomena  taking  place  in  the  interaction  region.  Analyses  of  the  detected  acoustic  wave  first  peak  anipiipi<tp 
(longitudinal  wave)  and  especially  of  the  region  of  the  transversal  wave  appearance  resulted  in  a  method  of  interaction 
regime  characterisation,  ablation  threshold  determination  and  multipulse  processes  in-situ  monitoring. 

Key  words;  laser-material  interaction,  laser  induced  acoustic  waves,  ablation  threshold,  melting  threshold,  preablative 
phenomena 


1.  INTRODUCTION 

The  wide  spread  of  laser  applications  in  material  processing  is  due  to  the  very  different  phenomena  that  can  be  induced  at 
the  material  surface  under  the  action  of  laser  radiation.  We  shall  mention  some  of  them;  local  heating,  changes  in  surface 
morphology  and  microstructure,  surface  desorption,  surface  cleaning,  surface  melting,  surface  vaporisation  and  material 
ablation.  The  appearance  of  each  of  the  mentioned  phenomena  depends  of  the  intensity  of  the  laser  radiation  incident  on 
the  target  surface. 

As  a  consequence  in  different  applications  of  laser  radiation  the  most  important  parameters  to  be  selected  are  laser  energy, 
fluence  and  intensity,  because  the  complex  processes  taking  place  at  the  material  surface  in  the  interaction  region  depends 
on  them.  Between  the  material  heating,  appearing  at  lowest  levels  of  laser  intensity  and  plasma  formation,  as  the 
phenomena  appearing  at  the  extremes  of  the  energy  scale,  the  other  mentioned  phenomena  (surface  modification,  surface 
desorption,  melting  and  vaporisation)  are  possible  to  appear.  For  a  certain  application  to  obtain  a  specific  interaction 
regime  is  important  and  it  can  be  controlled  by  incident  laser  beam  parameters.  So,  the  stucty  of  the  threshold  values  for 
the  appearance  of  these  phenomena  is  important. 

In  oiu  contribution  we  use  the  acoustic  waves  induced  in  the  complex  process  of  laser-matter  interaction  to  analyse  the 
phenomena  taking  place  in  the  interaction  region' .  The  laser  induced  acoustic  waves  shape  and  amplimde  depend  on  the 
phenomena  that  are  taking  place  in  the  interaction  region.  As  a  consequence  we  have  used  the  stu^  of  the  shape  and 
amplitude  dependence  on  the  incident  laser  energy  and  fluence  to  evidence  the  phenomena  appearing  at  the  surface  and  to 
estimate  the  ablation^  and  the  melting  threshold.  We  have  studied  the  interaction  of  laser  radiation  with  the  most  common 
metals  used  in  industry,  steel  and  aluminium 
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2.  LASER  GENERATION  OF  ACOUSTIC  WAVES 


2.1  Thermoelastic  regime 

The  acoustic  wave  stu^  was  realised  as  a  function  of  incident  laser  energy  which  is  the  parameter  that  controls  the 
ampiitiirtp  of  the  elastic  waves  induced  in  the  interaction  process,  but  also  depending  on  the  interaction  regime.  At  small 
incident  laser  intensities  at  the  surface  of  the  material  only  a  local  absorption  of  radiation  and  a  local  material  heating 
takes  place.  The  calculation  of  the  laser  induced  temperature  variation  induced  at  the  target  surface  under  the  action  of 
laser  radiation  (  1  =  266  nm,  tp  =  15  ns,  incident  energy  of  15  mJ)  the  maximum  value  of  temperature  raise  will  be  96°K, 
at  the  end  of  the  laser  pulse^ .  The  calcidated  temperature  variation  in  depth,  under  the  material  surface,  on  the  normal  in 
the  center  of  the  irradiation  spot,  for  the  same  irradiation  conditions,  at  the  end  of  the  laser  pulse,  is  given  in  Table  1.  It  is 
obvious  that  the  temperature  variation  induced  under  the  action  of  laser  radiation  decreases  very'  fast  with  depth.  To 

compare,  the  calculated  thermal  diffusion  length  for  an  aluminium  target  [/j.  =  (  —  %K  t  ^  ,  were  tp  is  the 

laser  pulse  length]  is  of  the  order  of  2  10"®  m. 


A  T  (°K) 

96.04 

53.71 

26.81 

11.81 

4.56 

1.52 

0.44 

Depth  (cm) 

_0 _ , 

0.0001 

0.0002 

0.0003 

0,0003 

0.0005 

0.0006 

Table  1 


Fig.  1  The  maximum  temperature  variation  below  the  target  surface 

The  eaieiilatpH  temperature  variation  ,  as  a  function  of  time  after  the  quenching  of  the  laser  pulse  (t>tp)  and  position  in 
the  target  depth  situated  between  10  and  30  pm  below  the  target  surface  on  the  normal  in  the  irradiation  spot  centte  is 
given  in  Fig.l.  The  short  time  temperature  growth  of  the  surface  layer  caused  by  the  absorption  of  laser  radiation  is 
accompanied  by  thermal  expansion  that  causes  thermoelastic  strains,  equivalent  to  the  sudden  insertion  of  a  volume  A  V  of 
material  immediately  below  the  surface,  that  is  proportional  to  incident  energy  E.  This  is  the  so  called  thermoelastic 
regime  in  which  the  local  heating  (without  phase  change)  induces  an  elastic  stress  in  the  bulk  of  the  material.  In  this  case 
the  aronsfit^  wave  source  is  created  just  under  the  material  sutfece,  in  a  volume  limited  the  laser  radiation  absorption 
depth  and  laser  spot  area.  The  source  is  pure  expansion  and  can  generate  in  the  bulk  of  the  material  only  compressional 
(longitudinal,  L)  waves  equally  in  all  directions.  However  the  close  proximity  of  the  sur&ce  introduces  some  conversion  of 
reflected  waves  to  the  shear  modes  (S).  In  case  of  the  directivity  patterns  calculated  for  aluminium’ ,  there  is  no  radiation 
normal  to  the  surface;  in  this  direction  the  source  appears  to  cancel  out  with  its  reflection  in  the  surface.  Also,  both  L  arid 
S  directivities  gives  lobes  with  cylindrical  symmetry  about  the  normal.  The  maximum  longitudinal  wave  amplitude  is 
radiated  at  an  anglo  of  «  64°  and  the  maximum  shear  at  «  30°  and  the  shear  is  zero  at  45°.  So,  in  the  epicentre  the 
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propagation  of  the  termoelastic  laser  induced  acoustic  wave  implies  a  depression  of  the  back  surface  of  the  target,  and  a 
positive  step  appears  at  the  arrival  of  the  transversal  (shear)  acoustic  wave.  In  this  case  the  acoustic  wave  source  is  formed 
just  imder  the  material  surface. 

2.2  Ablation  regime 

For  laser  irradiation  of  target  surface  with  high  laser  intensities,  material  removal  from  the  target  surface  takes  place.  At 
more  higher  laser  intensities  ionisation  of  the  expelled  material  is  produced  and  a  plasma  is  formed  in  front  of  the  target. 
The  interactions  of  laser  pulse,  plasma  and  surface  are  complex  processes,  but  for  the  purposes  of  ultrasonic  generation, 
ablation  will  be  considered  solely  from  the  point  of  view  of  the  material  removal  from  the  surface  which  induces  an 
impulsive  recoil  force,  the  transfer  momentum  from  the  surface.  In  this  case  the  ultrasoimd  source  is  formed  just  on  the 
material  surface.  In  calculations  the  ablation  is  modelled  as  a  normal  force  with  5(t)  time  dependence.  In  this  case  most  of 
the  longitudinal  wave  energy  is  directed  on  the  normal  and  the  shear  or  the  transversal  mode  has  a  maYim^im  at  30°  ' . 
This  propagation  geometry  implies  that  the  back  surface  of  the  metal  rises  away  from  the  source.  In  this  case  the  acoustic 
wave  source  is  formed  on  the  material  surface. 

From  the  short  description  it  is  obvious  that  the  two  regimes  of  acoustic  source  formation  on  the  target  surface  under  the 
action  of  laser  radiation  are  corresponding  to  different  phenomena  taking  place  in  the  laser-target  interaction  region.  Also 
the  propagation  directivity  in  the  two  cases  is  different.  In  our  work  laser  ultrasonics  has  been  used  to  evidence  the 
interaction  regime  of  the  laser  radiation  with  the  target  surface  and  to  evaluate  the  thresholds  separating  the  appearance  of 
different  phenomena,  respectively  the  melting  and  the  ablation  threshold. 

3.  EXPERIMENTS 

The  experimental  set-up  permits  irradiation  of  aluminium  and  steel  targets  with  different  irradiation  wavelengths  (Fig.  2). 
The  laser  beam  was  incident  on  the  front  surface  of  the  target  while  at  the  opposite  side  a  piezoelectric  transducer  was 
bonded.  The  transducer  signal  was  displayed  on  a  200  MHz  bandwidth  Tektronix  oscilloscope. 


Fig.  2  The  experimental  set-up 

We  have  worked  with  a  YAG:Nd  laser  working  on  fundamental  wavelength  and  armonics  (  “  1.064  ^m,  Xp  =15  ns;  .X  = 

532  nm,  Xp  =  12ns;  X  =  266nm,  Xp=  10  ns).  The  BSl  and  BS2  beam  splitters  are  deflecting  the  laser  beam  on  a  calorimeter 
and  a  pulse  shape  detector  for  energy  value  and  laser  beam  time  evolution  monitoring.  To  select  the  proper  range  of 
incident  laser  energies  calibrated  attenuators  (AT)  are  inserted  on  the  beam  path.  The  cylindrical  targets  were  irradiated 
on  the  front  surface  and  on  the  back  surface  was  inserted  the  ultrasound  detector.  Signal  acquisition  was  realised  on  the 
Tektronics  oscilloscope  coupled  to  a  PC.  The  oscilloscope  signal  was  triggered  by  the  irradiation  laser  pulse  front  and  the 
delay  between  the  laser  pulse  and  the  acoustic  signal  represents  the  time  required  for  propagation  of  the  acoustic  signal 
from  the  front  surface  of  the  target  to  the  back  surface  of  the  target.  The  irradiation  geometry  permits  a  proper  selection  of 
the  incident  laser  energy  and  laser  intensity  by  choosing  the  laser  beam  energy  and  incident  spot  area.  Some  typical 
ultrasonic  waves  induced  in  aluminium  targets  under  the  action  of  laser  radiation  are  given  in  Fig.  3, 4. 
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Fig.  3  Laser  induced  acoustic  waves 


Fig.  4  Acoustic  wave  sh^pe  variation  as  a  function  of 
incident  laser  energy  and  fluence 


In  Fig.  3  are  evident  the  reflections  of  the  acoustic  waves  on  the  back  and  front  sur&ces  of  the  target  and 
the  longitudinal  and  the  transversal  (shear)  waves  are  marked.  Fig.  4  represents  the  acoustic  waves 
induced  under  the  action  of  laser  wavelength  of 532  nm  for  incident  laser  energies  of  3.2  mJ  (1.99  J/cm^), 
8.39  mJ  (5.92  J/cm^),  14.52  mJ  (8.9  J/cm^)  and  27.  65  mJ  (17.2  J/cm^).  It  is  evident  that  the  amplitude  of 
the  acoustic  waves  depends  on  &e  incident  laser  energies,  but  also  the  pulse  shape  is  changing,  In  this 
case  only  the  lowest  incident  energy  corresponds  to  a  pure  tihermoelastic  regime.  For  the  highest  presented 
incident  energy  we  have  pure  ablation  and  for  the  oihec  two  waves  we  have  a  competition  between  the  two 
ph^iom^ia. 


3  RESULTS  AND  DISCUSSION 

In  the  complex  process  of  laser  target  interaction  acoustic  waves  are  created  in  the  material  volume  and 
their  shape  and  amplitude  depend  on  the  phenomena  that  take  place  in  the  interaction  region,  respectively 
on  the  mechanism  of  the  acoustic  wave  generation. 

A(au.) 


Fig.  5  Maximum  amplitude  of  the  longitudinal  laser  induced  acoustic  waves  as  a  function  of  incident  laser  energy, 

for  different  spot  area  and  respectively  laser  intensity 
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As  we  have  presented  the  local  heating  of  the  material  surface  followed  by  a  volume  expansion  produces  essentially 
tangential  stress^ ,  with  no  energy  transport  on  the  normal  direction  due  to  the  reflection  on  the  free  surface.  The 
longitudinal  pulse  induces  a  depression  of  the  back  surface  of  the  target  and  the  shear  arrival  induces  an  elevation  of  the 
surface.  In  the  ablation  regime  also  a  plasma  is  formed  on  the  target  surface.  On  the  back  surface  o  positive  step  pulse  of 
high  amplitude  is  detected  and  the  shear  wave  latter  arrival  has  an  opposite  effect. 

The  dependence  of  the  maximum  amplitude  of  the  longitudinal  acoustic  wave,  in  thermoelastic  and  in  ablation  regime,  as 
a  function  of  incident  laser  energy,  for  different  spot  area  and  respectively  laser  fluence,  is  given  in  Fig.  5.  It  can  be 
observed  that  two  regions  of  amplitude-energy  dependence,  with  different  slopes  appear.  A  slow  dependence  on  incident 
laser  energy  corresponds  to  the  thermoelastic  regime  and  a  faster  increase  corresponds  to  the  ablation  regime.  For  a  certain 
irradiation  regime  the  acoustic  wave  amplitude  depends  only  on  the  incident  laser  energy.  But  for  the  same  incident  energy 
the  acoustic  wave  amplitude  is  much  more  higher  if  the  laser  fluence  is  higher  than  the  ablation  threshold.  This  result  is 
evident  if  we  consider  the  dependence  of  the  longitudinal  acoustic  wave  amplitude  dependence  on  the  laser  fluence  foe  a 
constant  incident  laser  energy  (Fig.  6 ). 
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Fig.  6  Longitudinal  acoustic  wave  amplitude  dependence 
on  the  laser  fluence  for  a  constant  incident  energy 


It  can  be  observed  that  the  acoustic  wave  amplitude  is  constant  if  the  incident  energy  is  constant,  and  only  laser  fluence  is 
changed.  But  if  also  the  interaction  regime  is  changed,  the  amplitude  of  longitudinal  acoustic  wave  becomes  of  opposite 
sign.  By  comparing  the  detected  acoustic  waveforms  for  different  incident  laser  energies  and  fluences  on  the  target  surface, 
the  ablation  threshold  was  estimated  as  the  domain  for  which  the  ablation  acoustic  source  will  compensate  and  than 
dominate  the  thermoelastic  one. 


It  is  considered  that  material  ablation  appears  when  laser  intensity  is  high  enough  that  material  vaporisation  takes  place'* 
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where  k-thermal  conductivity,  p-target  density,  Cp-heat  capacity,  R-target  reflectivity  and  Xp  is  the  irradiation  time  equal 
with  tlie  laser  pulse  duration. 

In  Tab.  1  are  given  the  calculated  values  for  the  vaporisation  threshold  and  the  ablation  threshold  fluence  values  estimated 
from  the  analyses  of  the  acoustic  waves  for  alumimum  targets.  A  good  agreement  between  them  can  be  observed.  Also  a 
lower  ablation  threshold  was  determined  for  the  targets  with  a  low  polishing  quality. 

In  case  of  steel  targets  the  calculated  value  for  vaporisation  threshold  is  8  10^  W/cm^  and  the  ablation  threshold  values 
estimated  from  acoustic  wave  signal  are  situated  between  4  10^  W/cm^  and  2  10^  W/  cm^  and  depend  on  the  target  surface 
quality. 
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In  case  of  steel  targets  the  calculated  value  for  vaporisation  threshold  is  8  10^  W/cm^  and  the  ablation 
threshold  values  estimated  from  acoustic  wave  signal  are  situated  between  4  10^  W/cm^  and  2  10  W/  cm 
and  depend  on  the  target  surface  quality. 

Tab.  1  Laser  ablation  threshold  fluence  and  intensity  estimation  for  an  aluminium  target 


Wavelength 

(nm) 

Vaporisation 
threshold 
fluence  (J/cm^) 

Vaporisation 

threshold 

intensity 

(W/cm^) 

Threshold 
fluence  (J/cm^) 

Threshold 

intensity 

(W/cm^) 

Observations 

1060 

11.5 

7.9  10* 

10 

710* 

polished 

532 

6.4 

5.8  10* 

5.5 

5.2  10* 

polished 

2  10* 

unpolished 

248 

11.5 

5.85  10* 

8 

410* 

polished 

3 

1.5  10* 

unpolished 

Also  laser  induced  melting  of  metals  was  proposed  to  be  detected  by  analysing  the  photoacoustic  signals 
induced  in  the  sample^ .  It  was  considered  that  the  limited  ability  of  fluids  to  transmit  shear  stresses  would 
result  in  a  saturation  of  the  transversal  wave.  If  we  consider  the  dependence  of  the  amplitude  of  the 
transversal  wave  on  the  laser  incident  energy  (Fig.  7  )  it  presents  a  saturation  region,  corresponding, 
probably,  to  the  melting  of  the  material  in  the  interaction  region.  This  saturation  corresponds  to  the  region 
among  2.2  10*W/cm^  to  3.6  10*  W/cml  The  calculated  melting  threshold  intensity  is  in  this  case  1.7  10 
W/cm^  very  close  to  the  lowest  value.  The  region  of  lowering  of  the  amplitude  of  the  transversal  wave, 
among  15-20  mJ,  is  considered  to  be  due  to  the  phenomena  taking  place  for  energies  close  to  the  ablation 
threshold  like  surface  desOTption,  defects  vaporisation,  surface  cleaning,  melted  particle  expulsion,  etc.  It 
can  be  called  as  “  preablative  region”.  The  ablation  was  considered  to  correspond  to  the  negative  region, 
with  a  threshold  of  (5.2  ±  0.2)  J/cm\  in  good  agreement  with  the  value  estimated  from  longitudinal 
acoustic  waves  analyses  for  the  same  wavelength.  The  acoustic  wave  induced  under  the  action  of  laser 
radiation  in  the  same  irradiation  conditions  is  very  reproducible.  From  this  reason  the  mcmitorig  of  the 
acoiistic  waves  can  give  information  about  the  reproducibility  of  the  irradiation  conditions  (incident 
energy,  sur&ce  quality,  etc.).  If  a  great  number  of  laser  pulses  are  incident  on  the  same  region  from  the 
material  sur&ce  we  have  observed  the  lowering  of  the  ablation  threshold  due  to  primary  sur&ce  damages, 
Mdiich  are  improving  sur&ce  absorption.  This  effect  is  very  important  for  the  optical  components  for  high 
power  lasers. 
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Fig.  7  Transversal  wave  amplinide  of  the  laser  induced  acoustic  waves  as  a  function  of  incident  laser  energy 

Laser  cu  excimer  (248  nm) 

Ed.  =  (7±2)  mJ,  pd.  =  (3.5d:0.2)xl0  *  JW 
Id,  =  1.7x10  *W/cin^ 
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4.  CONCLUSIONS 


Detection  and  analyses  of  acoustic  waves  induced  in  solid  targets  in  the  complex  process  of  laser  target  interaction  was 
used  to  evidence  the  interaction  regime.  Ablation  and  melting  thresholds  were  measured  for  aluminium  and  steel  targets 
and  are  in  good  agreement  with  the  calculated  values  for  the  vaporisation  and  melting  thresholds.  It  was  evidenced  that  the 
threshold  values  depend  vety  much  on  the  quality  of  the  irradiated  surface  and  a  very  reproducible  acoustic  signal  was 
registered  for  the  same  irradiation  conditions. 
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ABSTRACT 

Zero-order  transmission  silver  gratings  of  very  narrow  and  deep  enough  slits  exhibit  exceptional  transmission  properties  in 
visible  and  near-infrared  light.  By  using  a  rigorous  electromagnetic  analysis  of  light  difi&action,  we  show  that  the 
transmission  anhanrAinfint  occurs  as  a  result  of  a  resonant  interaction  of  the  incident  light  with  surface  plasmons  located 
inside  the  grating  slits. 

Keywords:  grating,  metallic  film,  surfece  plasmon,  waveguide 

1.  INTRODUCTION 

Advances  in  materials  processing  technology  now  permit  the  production  of  highly  regular  structures  on  various  substrates 
with  well-defined  profiles  and  periods  of  less  than  100  run.  These  structures  can  be  integrated  into  optoelectronic  devices 
arising  a  ncw  Himpnsimi  to  device  operation  and  control.  A  fimdamental  constraint  in  manipulating  Ught  in  wavelength- 
scale  structures  is  the  extremely  low  transmittance  of  apertures  smaller  than  the  wavelength  of  the  incident  radiation.  As 
predicted  by  Bethe  *,  for  an  optically  thick  metal  film  perforated  with  a  single  hole,  of  which  the  diameter  is  less  than  the 
wavelength  of  light,  the  optical  transmission  is  expected  t^be  very  small,  and  to  be  proportiorral  to  the  fourth  power  of  the 
ratio  of  the  hole  diameter  and  the  optical  wavelength  (r/X)  ,  where  r  is  the  hole  radius  and  X  is  the  wavelength  of  radiation 
impinging  directly  on  the  hole. 

However,  when  the  metal  is  perforated  with  an  array  of  such  subwavelength  holes,  the  optical  transmission  is  enhanced  by 
several  orders  of  magnitude.  Indeed,  it  has  been  recently  demonstrated  that  an  array  of  cylindrical  holes  of  sub-wavelength 
Hiamffter  perforated  in  optically  thick,  metallic  films  display  highly  unusual  transmission  spectra  in  the  visible  and  near- 
infrared  region  ^  For  radiation  of  wavelength  as  large  as  ten  times  the  diameter  of  the  holes,  the  absolute  transmission 
efficiency  cairuia*<vl  by  dividing  the  fiaction  of  light  transmitted  by  the  fiaction  of  the  surface  area  occupied  1^  holes,  is 
These  unusual  optical  properties  are  app^ntly  due  to  the  coupling  of  light  with  plasmons  on  the  surface  of 
periodically  patterned  metal  film.  The  surface-plasmon  (SP)  is  a  trapp^  electromagnetic  wave,  which  propagates  along 
the  metal/dielectric  interfece  and  decays  exponentially  with  distance  away  from  the  interfiice''.  The  excitation  of  SPs  on 
metal  reflexion  gratings  is  a  well-known  subject  of  gratings.  For  instance,  several  recent  papers  dealing  with  metal 
reflection  gratings  have  theoretically  and  ejqierimentally  identified  particular  local-field  configurations  in  the  form  of 
'stationary  surfoce  plasmons'  ^  or  'surfiice-shape  resonances'  In  contrast  with  the  widely  investigated  SPs  propagating 
along  corrugated  metal  surfece,  less  attention  has  been  paid  to  the  electromagnetic  interaction  of  SPs  waves  propagating 
insirif:  of  deep  enough  slits  or  holes  of  nanometric  transversal  dimensions  existing  in  metal  transmission  structures. 

In  this  paper  we  stutfy  the  mechanism  of  transmission  enhancememt  through  very  narrow  slits  (nanochaimels)  patterned  in 
metallic  films.  The  electromagnetic  interactions  of  SPs  'located'  in  slits  and  their  implications  in  the  transmission  will  be 
^^mnngtrate/l  Intuitively,  inside  the  slit  a  stationary  coupled-wave  is  generated  by  superposition  of  SPs  reflected  between 
walls.  We  will  adopt  the  terminology  of  coupled-plasmon  (CP)  to  call  this  coupled-wave  confined  inside  the  gap.  Strong 
resonance  effects  can  occm  if  the  slit  dimensions  commensurate  the  spatial  variations  of  CP  field. 

2.  NUMERICAL  RESULTS 

Our  approach  is  based  on  the  analysis  of  light  diffraction  in  a  lamellar  silver  transmission  grating  of  very  narrow  slits,  "^e 
grating  is  a  mono^riodic  metallic  structure  consisting  of  spatially  separated  silver  rods  of  rectangular  cross  section 
placed  on  silica  substrate  (see  Fig.  1).  The  width  of  the  air  gap  (slit)  between  rods  is  denoted  by  w,  the  period  and  the 
thirlmasii;  of  the  grating  are  A  and  d,  respectively.  This  periodic  structure  is  illuminated  at  normal  incidence  (0=0)  by  a 
plane  electromagnetic  wave  of  TM  polarization  (the  magnetic-field  vector  is  parallel  to  rods).  In  response  to  the  incident 
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field,  the  grating  will  give  rise  a  diffracted  field  in  the  region  above  and  below  it  and  also  a  stationary  field  pattern  inside 
it 


Fig.  1  Schematic  view  of  the  lamellar  transmission  metallic  grating  studied  in  this  paper 

2.1.  Far-field  optical  response  of  gratings 

In  a  first  step,  we  focused  on  the  computation  of  the  far-field  optical  response  (transmitted  and  reflected  optical  signals). 
For  that  purpose  we  have  used  the  rigorous  coupled-wave  analysis  (RCWA)  of  electromagnetic  diffraction  The  RCWA  is 
a  versatile  and  effrcient  tool  for  describing  the  diffraction  of  electromagnetic  waves  by  periodic  structures.  Recently  the 
convergence  performance  of  the  RCWA  to  calculate  the  fer-field  optical  response  was  siAstantially  improved  in  the  case  of 
TM  polarization  Motivated  the  results  of  Ref.  [2]  and  [3],  we  investigated  only  the  response  of  silver  transmission 
gratings  in  the  near  infrared  region  of  spectrum  (between  0.9  pm  and  2  pm).  In  order  to  theoretically  isolate  the  grating 
response  fi*om  the  substrate  effects,  we  consider  both  freestanding  lamellar  structures  and  grating  structure  on  silica 
substrate  of  refractive  index  n  =1,5.  The  period  of  gratings  was  fixed  at  A=0.9  pm.  Therefore  all  freestanding  structures 
are  zero-order  transmission  gratings  at  wavelengths  X  >  A=0.9  pm  and  all  structures  on  silica  substrate  are  zero-order 
transmission  gratings  only  at  wavelengths  X,  >  nA  =  1.35  pm  (zero-order  grating  means  that  all  diffiacted  orders,  other 
than  zeroth  forward-transmitted  and  backward-reflected  order  are  evanescent).  This  study  considers  silver  as  a  metal  of 
fimte  conductivity  for  which  the  dielectric  response  disperses  with  frequency  and  for  the  purpose  of  our  calculations  the 
dielectric  functions  of  silver  have  been  obtained  by  interpolation  from  values  tabulated  in  Ref  [8],  Losses  to  metal 
associated  with  the  imaginary  part  of  the  refractive  index,  physically  manifested  as  carrier  heating  in  the  metal,  may  be 
also  extracted  fi’om  RCWA  by  a  relation  of  the  form  A=l-T-R,  where  T  and  R  mean  the  transmission  (T)  and  reflection 
(R)  efficiencies,  respectively  and  where  the  incident  power  is  considered  normalized  to  unity. 

Fig.  2  shows  the  typical  response  of  a  fi^eestanding  grating  with  the  slit  width  varying  between  0  and  100  nm.  The  energy 
flow  through  grating  (Fig.  2a)  and  the  energy  dissipation  into  metal  (Fig.  2b)  undergoes  sharp  modulation,  contributing  to 
dips  in  the  reflected  signal  (Fig.  2c).  The  transmission  displays  some  very  sharp  peaks  for  which  the  absolute  efficiency  is 
greater  than  the  unity.  The  absolute  efficiency  is  here  calculated  by  dividing  the  zero-order  transmission  efficiency  to  the 
fraction  of  slit  within  one  period.  In  particular,  for  strongest  peak  we  found  that  the  grating  transmits  10  times  more  light 
of  1.433  pm  wavelength  than  impinged  directly  on  their  slits.  Note  that  the  slit  has  only  32  nm  width,  nearly  45  times 
much  smaller  than  the  wavelength  of  incident  light.  That  is  what  we  call  a  very  narrow  slit  or  nanochannel. 
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Fig.  2  Optical  response  of  freestanding 
gratings  as  a  frinction  of  the  slit  width: 
(a)  transmission;  (b)  absorption; 
(c)  reflection.  The  fixed  grating 
parameters  are:  the  period  A=0.9  pm, 
the  thickness  d=  1,8  pm  and  the 
wavelength  X=  1.433  pm  (light  is 
normally  incident  and  TM-polarized). 


Fig.  3  shows  the  transmission  as  a  function  of  grating  thickness  for  a  fixed  slit  width  (w=90  nm)  and  TM  polarized  light 
of  1.433  MJn  wavelength.  Fig.  4  shows  the  transmission  spectrum  between  0.9  pm  and  1.8  pm  wavelength  for  a  grating  of 
fixed  geometry  (d=1.8  pm,  w=90  nm).  One  of  the  interesting  features  observed  in  Figs.  2  and  3  is  the  modulation  of 
transmitted  signals  with  the  variation  of  geometrical  and  physical  parameters.  Note  that  the  transmission  resonances 
appear  only  at  well-defined  grating  thickness  and  light  wavelength. 

Both  fieestanding  gratings  and  gratings  on  a  silica  substrate  are  considered  in  Fig.  3  and  Fig.  4.  The  substrate  narrows  and 
ghifts  the  resonances  to  a  lower  grating  thickness  (see  Fig.  3)  but  the  most  pronounced  change  is  observed  in  Fig.  4  where 
the  total  forward-diffraction  efficiency  drops  suddenly  at  the  wavelength  X  =  nA=1.35  pm.  For  ^  >  nA  the  grating 
becomes  a  zero-order  grating  (Rayleigh-type  anomaly)  and  the  zero-order  carries  a  considerable  firaction  of  the  incident 
energy  (see  the  peak  resonance  located  at  X  =  1.633  pm). 
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Fig.  3  Transmission  response  of  zero- 
order  gratings  to  the  excitation  with 
nonnally  incident  TM-polarized  light 
of  X  =  1.433  pm  wavelength  as  a 
function  of  the  grating  thickness  (solid 
line:  freestanding  gratings;  dash-dot 
line:  gratings  on  silica  substrate).  The 
fixed  grating  parameters  are:  period 
A  =  0.9  pm  and  slit  width  w  =  90  nm. 


Fig.  4  Transmission  q)ectra  of  a 
grating  normally  illuminated  with  TM- 
polarized  light  (solid  line:  freestanding 
grating;  dash-dot  line:  grating  on  silica 
substrate).  The  fixed  grating 
parameters  are:  period  A  =  0.9  pm, 
thickness  d  =  1.8  pm,  and  slit  width 
w=  90  nm. 


2.2.  Near-field  optical  response  of  gratings 

In  order  to  gain  physical  insight  into  this  unusual  behavior  of  gratings  of  very  narrow  slits,  we  examine  the  near¬ 
field  electromagnetic  responses  of  few  particular  gratings.  The  surface  field  of  SP  appears  as  a  natural  solution  of 
Maxwell's  equations  in  metal  gratings.  We  will  map  this  fields  by  using  RCWA  also.  However,  the  standard  RCWA  is 
inappropriate  to  represent  local  fields  quickly  vaiying  inside  of  gratings.  Recently,  a  new  approach  to  accurately  calculate 
electromagnetic  fields  inside  of  metallic  grating  hy  RCWA  has  been  proposed  This  new  approach  consists  in  Fourier 
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expanding  the  field  components  which  are  continues  at  the  grating  boundaries.  In  our  case  these  are  the  magnetic  field  H 


Grating  Thickness  [  ]  Grating  Period  [  ] 


Grating  Thickness  [  Atm  ]  Grating  Period  [  A^m  ] 


GratingThickness[  Atm  ]  Grating  Period  [  A*m  ] 


Fig.  5  Magnitude  of  the  electric  field  |E|  computed  in  a  rectangular  grid  of  unifomily  distributed  points  (5  x  5  nm  )  over  the  v/hole 
period  and  grating  thickness:  (a)  fi-eestanding  grating  at  resonance  {X  =  1.183  pin);  (b)  freestanding  grating  out  of  resonance 
(X  =  1.053  pm);  (c)  grating  on  silica  substrate  at  resonance  (X  =  1.633  pm).  The  grating  parameters  are  A=0.9  pm  (penod),  d=1.8  pm 
(thickness)  and  w=90  nm  (slit  width). 
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(oriented  parallel  to  the  rods)  and  the  electric  displacement  vector  D  (oriented  perpendicular  to  the  rods).  From  the 
computation  of  D,  the  electric  field  E  inside  the  slits  (peipendicular  to  the  metal  walls)  is  simply  derived  by  a  constitutive 
relation.  Finally  we  have  computed  the  electric  field  1 E I  in  a  rectangular  grid  of  uniformly  distributed  points  (5x5  nm) 
over  the  whole  period  and  grating  thickness,  with  more  densely  sampled  near  and  at  the  surface  of  grating,  where  the 
variation  of  wavefield  is  r^id  (Fig.  5).  We  normalized  the  electric  fields  by  taking  the  free-space  impedance 
Zo  (Zo=377  Q)  as  a  unity. 


3.  DISCUSSION 

One  interesting  feature  observed  in  Figs.  2,  3  and  4  is  the  series  of  maxima  shown  by  the  transmitted  signal  for  some 
specific  geometrical  and  physical  parameters;  the  grating  resonates  only  for  some  specific  slit  widths,  depths  and  incident 
wavelengths.  On  the  other  hand,  all  maps  of  Fig.  5  illustrate  also  that  the  local  field  is  practically  confined  inside  of  the 
slit  and  shaped  as  like  the  fundamental  mode  of  a  waveguide.  Fig.  5a  and  5b  show  the  magnitude  of  the  electric  field  |E| 
in  two  distinct  cases:  (a)  the  grating  is  excited  at  the  resonance  operating  with  0.8  efficiency  in  transmission  and  (b)  the 
grating  is  excited  out  of  resonance  operating  practically  in  reflexion.  There  are  distinct  differences  between  the  local  field 
conFig.  urations  in  these  two  cases.  As  can  be  seen  in  Fig.  5a,  the  resonance  is  characterized  by  field  antinodes  at  each 
open  ends  of  the  slit.  The  local  field  inside  the  slit  is  periodically  enhanced  iq)  to  10  times.  On  the  contrary,  in  Fig.  5b  the 
local  field  exhibits  nodes  at  the  input  side  and  antinodes  at  the  output  side  of  slits  and  any  notable  field  enhancement 
exists,  excepting  the  wedge  singularities.  However,  the  field  singularities  situated  at  the  output  side  are  removed  due  to  the 
formation  of  nodes  across  the  output  boundary.  Clearly,  only  some  particular  field  configurations  are  responsible  for  the 
transmission  enhancement.  These  configurations  can  occur  whenever  the  slit  contains  an  integral  number  of  half¬ 
wavelength,  a  condition  that  may  be  expressed  by  a  Fabry-Perot  relation:  m  7^  1 2  =  d,  where  Xop  is  the  wavelength  of  the 
fimdamental  mode  (CP  mode),  d  is  the  thickness  of  the  grating  (cavity  length)  and  m  is  an  integer.  From  the  thickness  at 
which  the  slit  becomes  a  resonant  cavity,  we  can  obtain  the  wavelength  of  CP  mode.  For  example,  fi*eestanding  gratings  of 
1.8  pm  thickness  excited  at  the  resonance  with  light  of  A.=1.183  pm  can  accommodate  inside  their  slits 
CP  of  Xcp  =  0.9  pm  wavelength.  It  might  seem  conceivable,  therefore,  that  when  the  width  of  the  gap  between  the  metal 
walls  is  much  smaller  than  the  transversal  decay  length  of  SP,  the  surface  waves  interact  and  form  that  standing  coupled- 
wave  (CP)  inside  the  gap.  As  the  slit  width  is  increased,  the  electromagnetic  coupling  between  rods  are  negligible  and  as  a 
result  an  uniform  ’electrostatic*  field  governs  inside  the  slit.  Other  field  distributions  calculated  when  the  lateral  dimension 
of  the  slit  is  not  much  smaller  than  the  transversal  decay  length  of  SP  (w  >  200  mn),  show  a  superposition  of  SP  field  with 
an  uniform  field.  Fig.  5c  shows  the  distribution  of  the  electric  field  I E  I  in  the  case  for  a  grating  on  silica  substrate  at 
resonance. 

The  metallic  grating  being  an  efficient  converter  of  incident  light  to  osciUatoiy  energy  of  electrons  it  is  not  surprising  that 
an  efficient  incoupling  of  light  into  waveguiding  structure  is  observed.  However,  for  a  finite  conductivity  metal  there  are 
two  distinct  processes  able  to  operate:  polarization  (induction)  sur&ce  currents  across  the  rods  and  radiative  damping  of 
strongly  localized  surfece  plasmons  (CP  mode).  We  envision  the  interaction  between  light  and  the  grating  of  very  narrow 
slits  (w«A,)  as  follows.  The  light  of  TM-polarization,  normally  incident  on  the  metal  transmission  grating  can  excite 
directly  only  the  SPs  located  on  the  lateral  walls  of  the  slit,  E  being  perpendicular  to  walls.  For  a  gap  sufficiently  small, 
the  SPs  from  each  metal  side  interact  and  a  CP  state  occurs  in  the  gap.  Our  results  prove  strong  resonant  effects  generated 
by  the  variation  of  this  electromagnetic  coupling.  Indeed,  CP  modes  can  resonate  and  then  mediate  the  light  trapping  into 
the  slits,  providing  the  enhancement  of  the  light  transmission  through  the  metal  structure.  In  fact,  at  the  resonance,  the 
field  located  over  the  input  grating  surface  transfers  its  energy  into  a  CP  mode  and  then  a  concentrated  energy  stream  can 
propagate  through  the  grating  plane.  Consequently,  although  the  transmission  grating  represents  a  periodical  arrangement 
of  isolated  and  opaque  metal  objects,  a  kind  of  transparency  may  be  induced.  Therefore  the  grating  of  very  narrow  slits  can 
act  for  well-defined  parameters  as  an  open,  resonant  structure,  tightly  connected  by  the  CP  mode  which  cany  and  radiate 
almost  all  incident  bulk  light  This  is  a  new  phenomenon  in  the  sub-wavelength  scale  metal  structures.  We  emphasize  that 
this  phenomenon  is  present  only  where  the  gap  between  two  metal  walls  is  sufficiently  small  (w«  X),  and  where  the 
optical  properties  of  metal  nanostructures  appear  to  be  dominated  by  very  localized  plasmon  interactions.  Here,  due  to  the 
^te  conductive  of  metal  (on  the  contrary  to  the  fimdamental  m^e  of  perfect  metallic  gratings),  the  CP  fimdamental 
mode  strongly  depends  on  the  aperture  dimension,  especially  when  apertures  are  much  smaller  than  the  wavelength.  The 
net  result  is  that  ffie  transmission  properties  of  real  metallic  films  perforated  by  small  apertures  strongly  differ  from  those 
of  perfect  conductors. 
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4.  CONCLUSIONS 


In  conclusion,  a  resonant  cavity-enhanced  light  transmission  mechanism  is  theoretically  interpreted  for  operation  with 
visible  light  It  is  shown  that  under  appropriate  boundary  conditions,  the  nanochaimels  behave  as  open  Fabiy-Perot 
resonant  cavities  delivering  a  high  photon  flux,  and  that  the  coupling  between  the  incident  light  and  the  CP  mode 
aq>poitftH  by  the  channel  is  strongly  controlled  Iqr  waveguide  resonances. 

The  wavelength  at  which  the  large  transmission  enhancement  occurs  can  be  tuned  by  making  a  proper  choice  of  the 
grating  period  and  slit  width,  by  varying  the  reflective  index  of  the  dielectric  medium  adjacent  to  the  metal,  or  by 
changing  the  incident  angle.  Such  a  tunability,  together  with  the  high  transmission  even  at  subwavelength  scale,  make 
such  mpitallir.  Structures  very  attractive  in  a  number  of  applications,  including  subwavelength  photolithography,  near-field 
microscopy,  wavelength-tunable  filters,  (qrtical  modulators,  and  flat-panel  displays 

Our  theoretical  results  give  quantitative  support  to  the  idea  that  the  high  transmission  efficiency  recently  observed  through 
aib-wavelength  metal  holes  is  an  resonant  effect  mediated  by  the  excitation  of  CP  modes  Generally  speaking,  there 
effects  must  be  also  present  in  the  visible  spectrum  for  many  composite  and  coUoidal  metallic  media  including  nanometric 
cavities.  Also  they  f^ypiain  the  dramatic  changes  observed  in  the  optical  response  of  a  layer  of  random  silver  islands  wlien 
interparticle  separation  distance  is  in  the  order  of  100  nm.  Moreover,  local  field  enhancements  are  known  to  cause  a 
variety  of  important  optical  effects,  such  as  surface-enhanced  Raman  scattering  and  enhanced  second  harmonic 
generation.  Further  investigations  will  be  necessary  to  determine  the  full  potential  of  this  phenomenon  and  its  relation 
with  the  near-field  molecular  spectroscopy  and  nonlinear  optical  effects. 
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ABSTRACT 

Modem  procedures  have  been  elaborated  taking  into  account  the  laboratory  findings  and  developments  of  the  past  two 
decades  concerning  the  factors  increasing  the  solubility  of  iron  oxides  in  the  cleaning  agent  and  conditioning  improving  the 
characteristics  of  the  protective  layer,  both  having  in  mind  the  present  state  of  corrosion  in  romanian  power  energetic  plants. 
The  basic  reagent  formulae  consists  in  citric  acid,  hidro-chloric  acid,  ferrous  sulfate  as  dissolution  activator  and  a  corrosion 
inhibitor,  operating  at  T  80-85  oC.  The  removal  of  thick  corrosion  deposits  is  achieved  in  a  basic  step-by-step  procedure, 
the  number  of  steps  depending  on  the  layer  thickness  and  on  the  degree  of  damage  of  the  underlying  base  metal.  After 
chemical  cleaning,  a  passive  magnetite  film  will  be  formed  under  special  conditioning  of  water  with  long-chained  amines. 

Keywords:  corrosion,  scale,  crud,  iron  oxide  deposits,  chemical  cleaning,  heat  transfer 

1.  INTRODUCTION 

Corrosion  is  a  damaging  inevitable  fector  in  every  energetic  plant;  it  represents  the  difference  between  trouble-free 
operation  and  costly  down-time.  The  ^ergistic  effect  of  corrosion  deposits  and  mechano-thermic  stress  during  operation 
lead  to  feilures  of  the  tubular  arrangements  simultaneously  with  a  decrease  of  the  heat  transfer. 

A  practical  approach  to  improve  the  heat  transfer  and  to  minimize  losses  due  to  replacement  of  damaged  equipment  is  the 
periodic  removal  of  the  corrosion  deposits  using  chemical  agents  and  the  formation  of  resistant-protective  films  at  the  metal 
surface. 

2.  STATE  OF  CORROSION  AT  CARBON  STEEL  COMPONENTS  IN  ROMANIAN  POWER  PLANTS 

From  the  chemical  cleaning  stanc^int  the  romanian  thermoelectric  power  plants  and  heating  stations  can  be  divided  in 
three  categories  resulted  fi^om  the  duration  and  the  operating  conditions. 

1.  Pre-operational  mill-scale  removal  performed  on  new  carbon  steel  components  corroded  in  atmos[^ere  during  storage 
and  in  water  durind  the  hydraulic  tests,  when  thin  films  of  hematite  cover  the  metal  sur&ce. 

2.  Chemical  cleaning  of  deposits  formed  in  operation  under  normal  conditions  as  concerns  the  control  and  monitoring  of 
water  chemistry  and  fuel  quality.  Generally,  the  heating  boilers  of  1  Gcal/h  in  the  Autonomous  Administration  of 
Thermal  Energy  Distribution  (RADET)  meet  this  case. 

3.  Eventually,  the  chemical  removal  of  thick  deposits  (sludge  and  crud)  grown  on  carbon  steel  on  both  fire  and  water  sides 
due  to  improper  operative  conditions. 

Severe  situations  arised  in  a  Hot  Water  Boiler  of  100  Gcal/h  as  that  schematically  shown  in  Fig.  1. 
a.  Some  romanian  thermoelectric  power  plants  use  as  fuel  black  oil  with  hi^  content  of  sulpher  which  during  combustion 
transforms  in  sulfuric  acid;  an  acidic  deposit  of  more  than  3  cm  thickness  is  formed  attacking  the  material  fixim  the 
fireside  and  lowering  the  heat  transfer.  The  local  temperature  increases  from  approximately  600  to  more  than 
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800  °C,  transforming  the  corrosion  products  in  an  insulator,  aggressive,  deposit.  At  temperatures  hi^er  than  650  the 
carbon  steel  becomes  an  imiffoper  material  and  is  highly  corroded. 


HOT  WATER  BOILER 

1006cayhf116  MWfe  ^bar 


Fig.  1  Schematic  view  of  a  hot  water  boile-  of  100  Gcal/h  and  the  most  corroded  parts  in  service 

b.  At  the  bottom  of  the  convective  zone  at  the  water  side,  as  a  consequence  of  hot  water  corrosion  tWck  layers  of 
magnetite  and  hematite  grow  at  the  quasi-stagnant  p^  slowing  down  or  even  blocking  the  fluid  circulatiorL 
Occasionally,  on  the  tqr  of  iron  oxides  calcic  carbonate  is  deposited.  Under  this  non-p-otective  deposit  local  wastage 


followed  by  denting,  cracking  and  pore  formation  occur.  When  the  corrosion  deposit  blocking  the  pores  and  holes  is 
detached,  lackages  of  the  circulating  water  appear  and  the  plant  must  be  shut  down.  A  more  severe  situation  appears 
when  this  type  of  attack  is  accompanied  by  local  superheating  followed  by  the  pipe  explosion  (see  Fig.  2  reiM-oduced 
from  ref.  1). 

Corrosion  damage  occurred  at  the  heat  exchanger  tubes  for  the  drinking  water  circuit  too  (Fig,  3). 


Fig.  2  Photographs  of  samples  cut  from  pipes  damaged  in  service' (corrosion  +  superheating  e}q)losion) 


Fig.  3  Scheme  of  the  warm  water  preparation  in  the  Electric  Heating  Plant  -  Grozavesti  and  the  most  corroded  zones 

The  primary  cause  of  corrosion  and  deposition  at  the  water  side  is  the  poor  quality  of  the  supplying  feed  water.  Usually  this 
water  is  thermally  deaerated  and  not  hard  but  occasionally  tap  water  with  high  quantities  of  oxygen  and  CaCQs  is 
deliberately  used  or  accidentally  penetrates  into  the  primary  circuit. 

(Typically,  the  tap  water  contains  CXh^'  100  mg/1,  SO/'  56  mg/1,  Cl'  27  mg/1;  the  minimum  pH  of  the  water  in  the  heating 
circuit  is  5.0  instead  of  8.5  as  recommended  by  standards  andl^  the  statutory  audit  Romanian  limitations.) 

In  view  of  the  elaboration  of  chemical  cleaning  procedures  at  the  same  time  modem  but  facing  the  particularities  mentioned 
above,  a  programme  financially  supported  by  the  joint  effort  of  the  Romanian  Company  for  Electrical  Energy  (CONEL),  of 
the  European  Communittee  via  the  TTQM-PHARE  Project 

No.  9602-02-02/Nov.  1997,  of  TECHNOPLANTS  Impianti  Industriali,  Torino,  and  of  the  Institute  of  Optoelectronics, 
Bucharest,  started  in  1997.  The  agents,  procedures  and  the  precautions  in  their  use  will  be  shortly  described  below. 
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3.  PROCEDURES  FOR  CHEMICAL  CLEANING  AND  PASSIVATION  OF  CORRODED  CARBON 

STEEL  SURFACES 

3A.  Chemical  reagents  and  procedures  actually  in  use 

It  is  out  the  scope  of  this  communication  to  analyse  all  the  methods  published  in  the  hteiature.  Only  some  aspects  will  be 
shown. 

The  usual  procedure  employed  in  Romania  by  factories  laboratories  or  some  small  cleaning  enterpnses  is  the  dissolution  of 
iron  oxicfe  deposits  in  5  - 10  %  HCl  in  the  i^esence  of  1  %  corrosion  inhibitor  at  65  °C.  This  agent  has  a  pH  value  as  low  ^ 
-  0.5  to  0.0  typing  inacceptable  aggressive  for  the  un<terlying  base  metal  and  introducing  a  high  degree  of  atmospheric 
pollution. 

In  the  european  western  countries  the  most  common  reagent  formulation  for  the  chemical  cleaning  of  steam  generators  or 
heat  exchangers  consist  in  a  mixture  of  1  to  5  %  HF,  1  %  NH41F2  (ammonium  hydrogen  difluoride)  and  0.1  to  1  % 
corrosion  inhihitnr  of  hi^  efficiency  ( >  99.9),  such  as  flie  fiench  inhibitor  trademailc  SOMAFER  GV  P9  or  the  en^sh  one 
ARMOHIB.  Usually,  in  these  countries  the  chemical  cleaning  is  performed  when  the  thickness  of  corrosion  deposit  is  less 
than  100  pm  and  the  equipment  is  hermetically  closed  so  that  there  is  no  HF  leakage  in  atmoqjhere.  In  view  of  the 
drawbacks  of  the  old  romanian  plants  and  the  economic  difficulties  this  reagent  is  not  suitable  and  consequently  ruled  out 
Other  cleaning  mixtures  are  also  used  for  this  purpose. 

•  1.5  %  citric  acid  +  0.15  %  NH4HF2  +  corrosion  inhibitor 

•  1.5  %  sulfuric  acid  +  0. 15  %  NH4HF2  +  corrosion  inhibitor 

•  1.5%  hydrofluoric  acid  +  corrosion  inhibitor 

•  1.5%  sulfuric  acid  +  corrosion  inhibitor 

3.2.  Recommended  practice  for  cleaning  the  romanian  corroded  energetic  equipment 

Literature  references  do  not  disclose  exaaly  the  reagent  composition  effectively  used  by  the  cleaning  companies.  As  a  result 
of  extensive  laboratory  investigation  and  industrial  testing  the  following  specific  agents  and  procedures  have  been 
elaborated  suitable  for  the  cleaning  of  romanian  equipment. 

Basically,  the  reagent  consists  in  1  -  2  %  citric  acid  (HaCit),  1  %  romanian  inhibitor  (trademark  TRIAV  M)  and  0. 1  -  0.2  % 
FeS04.7H20.  During  the  treatment  the  pH  is  controlled  and  adjusted  at  pH  2.2  to  2.6  by  adding  small  portirais  of 
hydrochloric  acid.  The  reason  of  this  composition  is  explained  below. 

Because  of  the  relative  strength  of  Fe-O  bonds  in  iron  oxides,  Fe“  is  expected  to  be  released  quickly  as  compared  to  Fe  , 
and  the  dissolution  is  raobably  governed  by  Fe™  phase  transfer.  This  must  be  a  slow  process.  The  added  ferrous  ions  act  as 
dissolution  activato^  ,  in  our  opinion  in  the  form  of  ferrous  citrate  resulted  in  situ  from  the  reaction 

FeS04  +  H3Cit-^HFeCit  +  H2S04  0) 

followed  by  the  intermediary  step  in  dissolution 

Fe"Fe™204  +  HFeCit  Fe”2Fe™04H  +  FeCit  (2) 

In  aHHitinn  to  this  the  dissolution  iH'Ocess  is  favoured  by  the  fact  that  the  Fe^  complex  is  stabilized  in  relation  to  the  Fe^^ 
complex,  or  it  is  well  known  that  ligands  that  stabilize  the  ferric  ions  are  effective  in  bringing  about  dissolution. 

The  procedure  is  a  many-step  process,  the  number  of  steps  and  detailed  reagent  composition  depending  on  the  d^sit 
(^harartprirtirg  and  degree  of  damage  of  the  basic  underlying  metal.  In  order  to  select  the  procedure,  estimate  the  quantity  of 
the  corrosion  products  to  remove  following  the  method  described  in  ref  4.  Prior  to  admission  of  any  chemicals,  samples  cut 
fiom  corroded  pipes  refwesentative  for  the  equipment  as  well  as  san^les  cut  fixrm  new  pipes  must  be  welded  at  the  entrance 
and  the  exit  of  the  installation  to  observe  the  evolution  of  both  deposit  removal  and  met^  attack  during  the  treatment 

One-step  procedure 

Pre-operational  mill-scale  and  thin  l^ers  of  corrosion  p-oducts  (<  100  pm)  can  be  removed  in  one-step  process.  In  this  case 
the  pioMing  is  immediately  followed  by  a  black  oxide  formation  so  that  the  presence  of  chloride  ion  in  the  scale  removal 
formulation  is  pohibitive.  Following  is  an  outline  of  the  p'ocedure. 
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I.  Recirculate  1  %  corrosion  inhibitor  long  enou^  to  obtain  a  homogeneous  solutioa 

n.  1  %  citric  acid  and  recirculate  to  homogenize. 

in.  Add  0.1%  ferrous  sulfphate  and  r^irculate  to  homogenize. 

IV.  Increase  the  temperature  to  75  -  85  ®C  and  maintain  con^ant  forced  circulation  at  the  highest  velocity  consistent 
with  tolerable  corrosion  rates.  (Normally  3  to  4  hours  ^ould  suffice  for  average  cleaning.) 

V.  Every  hour  measure  the  pH;  when  it  reaches  3.5,  adjust  the  pH  to  2.2  by  adding  fresh  citric  acid  to  the  depleted 
solvent  or  for  economical  reason  suliiiric  acid. 

VI.  Continue  recirculation  up  to  constant  pH  which  must  not  be  higher  than  4. 

Vn.  Displace  the  acidic  solvent  with  hot  water  using  the  maximum  practical  velocity.  Following  this,  hot  water  should 

be  recirculated  and  repeated  if  necessary  until  pH  >5.5. 

Vin.  Flush  to  waste  at  high  velocity. 

IX.a  Drain  under  nitrogen  for  dry  storage  or 

DCb.  Proceed  to  conditioning  by  formation  of  protective  oxide  layers  as  described  further  more. 

Multi-step  procedure 

Thick  deposite  of  operational  corrosion  products  will  be  removed  by  a  multi-step  process.  There  are  three  reasons  for  this 
option.  E^qjerience  has  demonstrated  that  adverse  situations  can  occur. 

precipitation  of  a  grayish  iron  citrate  from  the  solvent;  it  was  demonstrated  that  precipitation  occurs  at  pH  values 
between  4.0  to  4.9  and  an  iron  concentration  of  0.45  %  or  higher^ 

-  formation  of  a  colored  coUoidal  iron  complex  if  rinsing  and  flushing  are  deferred^ 

-  leakage  of  the  pickling  agent  when  the  tube  walls  are  penetrated  through  the  pores,  holes,  and  cracks  formed  in  service 
but  initially  obturated  by  the  deposit;  in  this  case  the  chemical  cleaning  must  be  interrupted  for  welding  the  tubes  and 
the  solvent  is  wasted  before  complete  depletion. 

Following  is  an  outline  of  this  proce<toe. 

A.  Alkaline  ore-treatment 

This  pre-treatmoit  is  recommended  when  thick  adherent  superheated  l^er  is  formed,  in  order  to  favorize  the  acid  attafk  and 
to  particulate  the  deposit. 

I.  Recirculate  0.5  to  1 .0  %  sodium  hydroxide  long  enough  to  obtain  a  homogeneous  solution, 
n.  Inaease  the  temperature  to  65  and  maintain  forced  circulation  for  12  hours, 

in.  Displace  the  alkaline  solution  with  water, 
rv.  Flush  to  waste  and  drain. 

V.  Repeat  the  last  two  operations  up  to  pH  <8.5. 

B.  Acid  treatment 
STEP  I. 

I.  Recirculate  1  %  acid  corrosion  inhibitor  long  enou^  to  obtain  a  homogeneous  solution 
n.  Add  0.07  —  0.08  %  hydrochloric  acid  and  recirculate  to  homogenize  (it  results  app'ox.  0.02  N  Q') 

in.  Add  1  %  citric  acid  and  recirculate  to  homogenize 

IV.  Add  0.1%  ferrous  suljdrate  and  recirculate  to  homogenize 

V.  Increase  the  temperature  to  75  —  85  °C  and  maintain  constant  forced  circulation  at  the  hipest  velocity  consistent 
with  tolerable  corrosion  rate 

VI.  Measure  the  pH  at  the  exit  of  the  boiler.  If  the  pH  value  reaches  3.5  or  more  addjust  at  2.2  by  adding  <anall 
quantitites  of  hydrochloric  acid 

vn.  When  the  concentration  in  chloride  ions  reaches  0.5,  disjdace  the  acid  solvent  with  hot  water  using  the  maYiirnim 
practical  velocity.  Following  this,  hot  water  should  be  recirculated,  flushed  to  waste  and  displaced  with  frech 
water. 

Vin.  Cut  15  cm  from  the  inserted  samples  and  observe  the  degree  of  the  deposit  removal.  If  the  thickness  is  hi^er  than 
50  %  from  the  initial  one,  repeat  the  step  I,  stages  I  to  Vn. 

STEPn 

Repeat  the  stages  I-Vn  as  above  but  at  the  stage  n  substitute  the  pH  ac^ustment  with  HCl  using  small  portions  of 
sulfuric  or  citric  add. 
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3. 3.  Corrosion  protection  by  means  of  conditiong  with  octadecylamine  (ODA) 

The  basic  reaction  of  magnetite  passive  film  formation  in  alkaline  is  as  usual, 

3Fe  +  4H2O  Fe“|Fe“Fe“  ]04  +  4H2 

The  conditioning  with  long-chained  amines  jsevents  corrosion  Iqr  assisting  the  building  of  protecting  oxide  layers  instead 
of  the  unp-otecting  ones,  as  those  formed  in  service  at  ODA  absence,  which  must  be  removed  in  the  proceeding  pocedures. 
It  acts  via  the  following  ways. 

-  Because  of  his  active  effect,  the  ODA  removes  loose  adherent  deposits  and  rust  flx)m  met^  surrace.  (It  has  been 
observed  in  pactical  aprfication  that  at  hi^  concentration  of  ODA  the  detaching  of  the  deposits  was  so  high  that  the 
result  was  pining  of  heat  exchanger  tubes  by  the  loosened  deposits.) 

-  Due  to  ODA  barrier  poperties,  the  formed  oxide  layers  are  thinner,  more  fine  grained  and  adherent  ODA  impedes  the 
access  of  the  oxide  forming  water  to  the  {diase  boundary  metal  water. 

Tlierefore  the  growth  rate  of  the  oxide  is  reduced  and  thinner  layers  are  formed. 

Thinner  layers  have  a  higher  resistance  against  mechanical  stresses,  because  can  be  elastically  (teformed  durmg 
mpirhanirat  stresses  arised  especially  during  shut-down  and  heating  periods  as  a  consequence  of  different  thermic 
extension  between  metal  and  oxide  k^ers.  At  variance,  thick  teittle  oxide  layers  will  crack. 

-  The  film-forming  ODA  forms  an  additional  layer  on  the  top  of  the  growing  oxide  laer.  This  additional 

ODA  layer  is  a  Hiffiisinn  barrier  for  aggressive  anions  and  water.  In  this  manner  the  ODA  layers  prevent  the  attack  of 
corrosive  anions  like  chloride  or  suli^te  on  the  oxide  layer. 

-  The  thin  hydrophobic  film  initially  formed  at  the  metal  surface  is  potective  enough  for  temporary 

corrosion  in  water  under  static  conditions  at  20  to  230  ®C.  Additionally,  the  same  thin  hydroi*obic  layer  formed  on  the  top 
of  the  oxi(te  retards  erosion-corrosion^’. 

Following  is  an  outline  of  this  pocedure®. 

I.  Use  water  as  supplying  feed  water  and  increase  the  pH  to  8.5  by  untoxic  NaOH 

(appox.  0.1  mg/kg). 

If  water  is  not  available,  Na3P04  (0.5  mgflcg)  can  be  aplyied  for  pH  increase  of  the  supjlying  tap  water  without 

deposition  of  CaCOj.  Instead  of  CaCCb  deposition  Ca3(P04)2*Ca(0H)2  originates  fiom  Ca^,  according  to  the  reaction 

lOCa^^  +  2CHr  +  6P04^-  3  C^3(P04)2*Ca(OH)2  (4) 

This  compound  forms  a  noncrystalline  surfece  complex  which  does  not  grow  up  but  precipitates  as  sludge  which  has  to  be 
removed.  The  possible  entry  of  phosphate  into  the  drinking  water  has  to  be  under  control, 
n.  Add  1  -  2  %  octadecylamine  emulsion 

ITT  Continuous  control  of  ODA  in  water  is  necessary.  The  concentration  must  be  maintened  between  0.5  and  1.0  mg 
ODA/kg.  Tbe  possible  entry  of  ODA  into  the  drinking  water  has  to  be  under  control. 
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ABSTRACT 

In  the  process  of  development  new  chemicals  to  be  used  for  generating  smoke  screens,  a  method  for  evaluating  the  masking 
ability  for  the  infrared  spectral  domain  was  needed.  The  experimental  set-up,  involving  a  thermovision  equipment  and  a 
reference  body  is  presented.  The  experiments  were  carried  out  for  different  types  of  chemical  mixtures,  both  in  laboratory 
and  field  conditions  and  the  attenuation  coefficients  were  calculated.  The  relevant  thermal  images,  processed  using 
dedicated  software,  are  also  presented. 

Keywords:  smoke  screens,  masking,  thermovision 


1.  INTRODUCTION 

Smoke  screens  are  produced  by  burning  a  special  chemical  mixture  and  are  currently  used  by  military  forces  for  protecting 
themselves,  avoiding  from  being  detected  by  the  enemy.  Because  masking  in  visible  can  be  eeisily  obtained  with  smoke 
screens,  the  Gordian  knot  in  developing  such  a  mixture  is  to  obtain  one  that  is  able  to  ensure  protection  against  detection 
using  equipment  working  in  infrared  domain.  The  thermal  radiation  emitted  by  all  the  natural  and  artificial  bodies  in 
infrared  and  transmitted  by  the  atmosphere  can  be  detected  using  thermovision  equipment'’^.  Because  atmosphere  is 
transparent  in  infrared  only  for  few  spectral  bands,  thermovision  equipment  can  be  of  two  kinds:  those  with  detectors  for  the 
3-5.4  pm  spectral  band  and  those  with  detectors  for  the  8-14  pm  spectral  band. 

In  order  to  evaluate  the  masking  ability  in  infrared  of  some  smoke  screens  developed  by  a  team  from  UM  2512-  C,  some 
measurements  using  thermovision  equipment  wefe  made,  for  both  the  infrared  spectral  bands. 

2.  EQUIPMENT 

For  measurements  in  the  infrared  domain  we  used  a  Thermoteknix  for  Windows  (ThermaGRAM)  system^  having  different 
types  of  thermal  equipment  as  thermal  sensor,  depending  on  the  spectral  band.  The  Thermoteknix  ThermaGRAM  system 
has  the  following  structure: 

Hardware:  Thermoteknix  GRAM  (or  ThermaGRAM)  is  a  board  for  real-time  processing  (subtract,  average,  filter,  etc)  of  the 
thermal  images.  It  has  a  high-precision  analogue-digital  converter,  a  12-bits  input  and  an  electronic  digital  PLL  that  ensures 
video  synchronization  without  a  jitter  and  with  a  high  tolerance  to  signal  variations  induced  by  analogue  recording  media 
(VCRs).  The  use  of  average  is  a  very  important  feature  for  images  with  analogue  input,  because  it  allows  reducing  the  noise 
level  in  the  signal.  The  programmable  amplification  and  the  control  over  the  offset  ensure  obtaining  precise  and  real-time 
measurements  of  the  input  video  signal. 

Software:  ThermaGRAM  for  Windows  is  a  sophisticated  software  for  acquisition  and  analysis  of  thermal  images.  The 
acquired  images  can  be  loaded  in  files  or  can  be  visualised  ("live")  on  the  computer's  monitor  by  connecting  a  video  camera 
or  a  VCR.  The  "live"  images  can  be  "frozen"  and  saved  on  the  disk.  An  "incremental  save"  command  allows  to  the  user  to 
easily  successively  save  the  images  under  soitip  filenames  that  can  suggest  the  fact  that  these  files  represent  different 
moments  of  the  same  process,  registered  by  sampling.  The  modernised  GRAM  board  allows  to  "live"  acquire  and  save  a  set 
of  images  at  two  seconds  intervals.  The  successive  files  obtained  using  one  of  these  methods  can  be  automatically  loaded  in 
a  Windows  "super-image",  in  order  to  be  analysed  afterwards  using  some  pre-established  procedures. 


*  Correspondence:  Phone:  (401)  780.66.40;  Fax:  (401)  423.25.32 
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The  thermal  images  loaded  in  files  can  be  visualised  using  a  large  scale  of  various  pseudo-colour  palettes;  for  every  palette, 
the  temperature  interval  can  be  manually  changed  or  optimised  by  the  computer. 

The  analysis  possibilities  are  the  followings: 


•  Displaying  punctual  temperatures  (at  a  pixels  level); 

•  Tracing  isothermes  for  individualising  with  a  specific  colour  band  the  portions  from  the  images  that  have  a  temperature 
within  a  specific  interval; 

•  Tracing  contours  that  can  be  used  afterwards  as  graphic  entities  ("objects”)  for  establishing  the  "intervals  dividers"  (as 
means  of  display  the  minimum,  maximum  and  median  temperature  along  a  line)  or  for  tracing  temperature  profiles  along 
a  line  in  a  distinct  graphic  window; 

•  Tracing  temperature  profiles  over  the  displayed  image; 

•  Tracing  rectangular,  elliptic  and  polygonal  contours  that  can  be  used  afterwards  as  "objects"  for  displaying  the 
minimum,  maximum  and  mean  temperatures  in  a  specific  region,  using  histograms; 

•  Displaying  the  differences  between  temperatures  using  various  other  means; 

•  Using  labels  for  identification  of  "objects",  etc. 

2.1.  Thermal  equipment  for  the  3  -  5.4  pm  spectral  band 

For  measurements  in  the  3-5.4  pm  spectral  band  we  used  an  AG  A  Thermovision  thermal  camera  type  660  -  S  -  525.  This 

type  of  thermal  camera  has  the  following  characteristics: 


-  focusing: 

-  field  of  view: 

-  frame  rate: 

-  thermal  resolution: 

-  domain  of  measured  object’s  temperature: 

-  detectors’  type: 

-  cooling: 

-  display  of  the  information 


from  0.5  m  to  infinity; 

5x5  grade; 

16  frames/sec; 

0.2  °  C; 

-20  -  200  °  C 
InSb; 

liquid  nitrogen; 

thermal  images  are  displayed  on  an  oscilloscope  screen. 


In  order  to  be  processed,  the  thermal  images  displayed  by  the  thermal  camera  were  recorded  on  videotape  using  a  CCD 
camera  and  a  usual  VCR.  The  CCD  camera  is  a  JVC  type  TK  1085E  and  has  a  10-mm  objective. 


2.2.  Thermal  equipment  for  the  8- 14  pm  spectral  band 

For  measurements  in  the  8  - 14  pm  spectral  band  we  used  a  LORIS  thermovision  equipment,  type  445L.  This  equipment  has 
a  performantvery  good  telescope  for  infrared,  with  two  fields  of  view.  Both  the  thermal  sensor  and  the  telescope  are 
integrated  in  a  protected  metallic  body.  The  video  signal  obtained  from  the  equipment  is  in  accordance  with  the  TV  CCIR- 
625  standard.  The  equipment  can  be  remote  controlled  using  a  panel.  The  others  characteristics  are: 


-  fields  of  view: 

-  detectors: 

-  thermal  resolution 

-  domain  of  measured  object’s  temperature: 

-  cooling: 

-  scanning: 

-  controls  on  the  remote  control  panel; 


T  X  5°,  2.3®  X  1.2®  plus  the  possibility  of  using  the  electrooptic  zoom 
and  optical  zoom  (x2,  x4) 

4  detectors,  CdHgTe 
0.01  ®C 

-195  ®C  -  100  ®C  without  use  of  a  diaphragm  to  be  needed;  up  to 
1500  ®C  with  a  diaphragm; 

down  to  77  K;  miniaturised  criogenerator  (Stirling  cycle  with  He  as  a 

cooling  agent) 

bidimensional 

polarity,  level  of  signal,  changing  the  field  of  view,  focusing 
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3.  EXPERIMENTAL  SET-UP 


The  first  step  in  our  experiments  was  to  make  measurements  in  laboratory  conditions. 

In  order  to  obtain  the  optimal  concentration  for  the  gases  composing  the  smoke  screen,  the  mixtures  produced  by  UM  2512- 
C  were  burned  inside  a  parallelipipedic  (4  m  x  1,35  m  x  0,95  m)  box  made  of  sheet  iron.  The  box  has  two  windows  on  its 
small  sides  and  one  window  on  its  upper  side;  the  first  of  the  windows  was  used  as  an  aiming  window  and  was  maintained 
open  during  experiments;  the  second  window  was  used  for  fastening  the  thermal  reference  and  closed  afterwards;  the  third 
window  (from  the  upper  side  of  the  box)  was  used  for  ventilation. 

The  thermal  reference  is  a  thermal  source  electrically  heated  to  a  temperature  of  70  ®C;  the  emissive  surface  has  a  Icm^ 
area.  The  distance  between  the  thermal  reference  and  the  equipment  was  4.03  m. 

The  thermal  images  registered  using  the  LORIS  equipment  (for  the  8  -  14  pm)  were  visualised  in  real-time  on  the 
computer's  monitor  and  saved  on  the  hard-disk  at  a  constant  time  interval  (20  seconds),  starting  from  the  initial  moment  of 
the  probe's  burning.  In  order  to  have  a  reference  image,  before  starting  probe's  burning,  an  image  was  recorded,  for  eveiy 
probe.  The  images  were  processed  using  the  dedicated  software.  The  thermal  images  obtained  using  the  Thermovision  660 
AG  A  equipment  (for  the  3-5.4  pm)  were  visualised  in  real-time  on  the  oscilloscope’s  screen  and  filmed  with  a  CCD  JVC 
mini-camera  connected  to  a  VCR.  In  this  way,  the  registration  of  the  entire  masking  regime,  for  every  probe,  was  ensured. 

Because  the  signal  displayed  on  the  oscilloscope  and  filmed  by  the  camera  was  very  weak  and  because  it  had  a  frequency  of 
16  Hz  (not  50  Hz,  as  the  TV  standard  requires),  a  chain  for  amplify  and  control  the  signal  had  to  be  realised. 

The  output  signal  from  the  video-player  (that  plays  the  tape  containing  the  thermal  images)  enters  in  a  preamplifier,  from 
which  is  transmitted  to  a  monitor  and  then  to  the  VCR  and  to  the  computer  (that  has  installed  the  ThermaGRAM  board).  In 
this  manner,  the  signal  was  amplified  and  re-registered  on  a  new  videotape  in  order  to  be  processed. 

After  this  step  of  experiments,  some  specific  mixture  was  selected  for  the  next  step  of  experiments.  In  this  next  stage,  a 
military  car  was  filmed  (with  thermovision  equipment  of  LORIS  type)  during  the  process  of  smoke  screen’s  development. 
The  distance  between  the  car  and  the  equipment  was  about  40m;  the  mixtures  were  burned  in  a  point  situated  off-axis,  at  30 
m  from  the  equipment  and  10m  from  the  car.  The  meteorological  conditions  were: 

=>  Air  temperature:  1  '^C; 

=>  Atmospheric  pressure:  7-  mm  col  Hg; 

=>  Speed  of  the  wind:  1.5-4  m/s; 

=>  Direction  were  from  the  wind  blew:  variable 

4.  EXPERIMENTAL  RESULTS 

For  the  case  of  measurements  made  using  LORIS  equipment  (8-14  pm),  thermal  images  were  recorded  and  processed  for  18 
types  of  mixtures,  named  Pi  in  the  table  1 .  For  every  mixture,  the  attenuation  induced  by  the  presence  of  smoke  was 
calculated  as: 

A  =  100  -  Ti  (%);  Ti  =  100  *  Pi  /  Ref 

where:  Ref  =  the  intensity  of  the  reference  source  without  the  smoke  (100%  transmission); 

Pi  =  the  intensity  of  the  reference  source  with  the  smoke  obtained  by  burning  the  "i"  mixture; 

Ti  =  the  transmission  of  the  medium  for  the  spectral  domain  with  the  smoke  obtained  by  burning  the  "i"  mixture. 

For  the  case  of  measurements  made  using  AGA  equipment  (3-5.4  pm),  thermal  images  were  recorded  and  processed  for  7 
types  of  mixtures.  Again,  for  every  probe,  the  attenuation  was  calculated. 
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Fig.l  Thermai  reference  without  the  masking  smoke  screen,  recorded  using  LORIS  (8-14^m) 


Fig.2  Thermal  reference  masked  by  the  flame  of  burning  the  II  mixture,  recorded  using  LORIS 


Fig3  Thermal  reference  masked  by  the  smoke  screen,  recorded  using  LORIS  (8-14|im);  in  the  left  side  of  the  image, 

the  flame  can  be  observed 
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Fig.4  Thermal  reference  masked  by  the  smoke  screen  and  flames,  recorded  using  LORIS  (8-14[im) 


Fig.5  Thermal  reference  masked  by  the  hot  smoke,  recorded  using  LORIS  (8-14|am) 


Fig.6  Thermal  reference  -  the  process  of  completely  masking  is  started,  recorded  using  LORIS 
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Fig.7  Thermai  reference  almost  completely  masked  by  the  smoke  screen,  recorded  using  LORIS 


I \*<0L  j 

Fig.8  Thermal  reference  almost  completely  masked  by  the  smoke  screen,  recorded  using  LORIS 


Fig.9  Thermal  reference  completely  masked  by  the  smoke  screen,  recorded  using  LORIS  (8- 1 4pm) 
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Fig.lO  Thermal  image  of  the  reference  body  masked  by  burning  the  R14  mixture  recorded  in  the  3-5.4  f^m  spectral  domain 


Fig.  12  Thermal  image  of  the  reference  body  masked  by  burning  the  Rd  mixture  recorded  in  the  3-5.4  pm  spectral  domain 


Fig.  13  Thermal  reference  of  the  military  car,  before  burning  the  mixture,  recorded  using  LORIS  (8-14|im);  the  temperature 

profile  along  a  line  can  be  seen 


Fig.  14  The  military  car  masked  by  the  smoke  screen;  recorded  using  LORIS  (8-14nm);  the  temperature  profile  along  a  line  can  be  seen 


Fig.  15  The  military  car  masked  by  the  smoke  screen;  recorded  using  LORIS  (8-14pm);  the  temperature  profile  along  a  line  can  be  seen 


In  the  Tab.  1,  the  values  for  attenuation  A  in  thb  8-14  |uim  spectral  domain  and  duration  D  (representing  the  time  interval 
between  the  initial  moment  of  producing  the  smoke  and  the  moment  when  the  reference  value  is  again  obtained)  are 
presented,  for  every  probe.  In  the  Tab.  2,  the  values  for  attenuation  A  in  the  3-5.4  pm  spectral  domain  and  duration  D  are 
presented,  for  every  probe. 

Tab.  1  The  values  for  attenuation  A  in  the  8-14  pm  spectral  domain  and  time  duration  D 


Probe 

A(%) 

D(  min.) 

Refr=130 

0 

Pl=78,8 

39,39 

4 

P2=100,7 

22,54 

4 

P3=37 

69,17 

4 

P4=12,l 

91 

5 

P5=71 

40,83 

3.6 

P6=37 

69,17 

4.2 

P7=20 

83,33 

5 

P8=58 

55,39 

2,5 

P9=0,6 

98 

4,5 

P10=0,3 

99 

3 

PI 1=62 

55 

2,5 

P12=12 

90 

3.7 

P13=61,8 

52,5 

2,5 

Pab=127,5 

2 

2,5 

PB=126,4 

2,5 

1,7 

PC=115,8 

11 

4,5 

PD=61 

55 

3,5 

PE=  116,7 

10,3 

1,25 

Tab.  2  The  values  for  attenuation  A  in  the  3-5.4  pm  spectral  domain  and  time  duration  D 


Probe 

A(%) 

D  (sec) 

Ref=55 

Rl-32 

42 

25 

R6=8 

85,5 

20 

R  14=10,5 

81 

30 

R  18=39 

29 

20 

R  19=20 

63,2 

35 

Rd=41,3 

25 

25 

SMD  2=20,5 

62,7 

30 

We  also  present  some  thermal  images  recorded  with  LORIS  equipment  (Fig.  1  -  9)  at  the  first  stage  of  our  experiments.  The 
images  presented  the  whole  cycle  of  masking,  starting  from  the  reference  image  and  ending  with  the  image  representing  the 
reference  body  completely  masked.  Some  images  recorded  using  the  AGA  equipment  during  the  first  stage  of  our 
experiments  are  also  presented  in  Fig.  10  -  12.  Some  of  the  thermal  images  of  the  military  car  masked  by  the  smoke  screen 
are  presented  in  Fig.  13-15. 
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ABSTRACT 

Experimental  data  of  mass  spectrometric  analysis  of  vitreous  As2(S,  80)3  dialcogemde  glasses  shows  the  perceptible 
<^iffprpnrt»  in  the  values  of  ASm  (S,  Se)n  ion  currents  before  and  after  laser  illumination.  Data  of  the  computotional  calculation 
of  the  <!ti»hlpnp!«!«;  of  mnlpnilar  units  are  in  good  correlation  with  otoined  experimental  mass  spectrometric  data.  After  laser 
illumination  we  detect  new  kinds  of  molecular  units  as  ASm,  So  and  SCn-  The  observed  changes  of  the  ion  currents  in  the 
mass  spectrum  may  be  ejqrlained  in  view  of  some  re-arrangement  in  the  shot-range  order  of  the  component  atoms  under 
iiliiminarinn  We  p'opose  for  discussion  the  results  of  computational  modeling  of  molecular  units  such  as  ASm(S,Se)n 
observed  experimentally  in  the  As2(S,  SelsSrio,!  alloys  by  their  mass  spectrometric  anal3^is  before  and  after  laser 
illumination.  In  this  report  we  suppose  that  a  stu<fy  of  the  composition  of  condensed  molecules  ^  the  intermediacy  of  mass 
spectrometry  and  HyperChem  Computational  Chemistry  Program  may  harvest  complementary  information  useful  in  orders 
to  building  structural  models  of  chalcogenide  glasses.  In  result  of  this  work  we  also  conclude  that  tin  atoms  in  fte  ^(S, 
SelsSno  i  network  are  bonded  in  two  mode:  before  illumination  as  2(S,Se)=Sn=2(S,Se)-  ^  and  after  illumination  as 
(S,Se)-Sn-(S,Se)  -  ^fpe. 

Keywords:  phaimganide  glasses,  mass  spectrometry,  computational  calculation,  thin  films,  modeling. 

1.  INTRODUCTION 

A  great  interest  for  vitreous  materials  is  the  a^jearance  of  new  possibilities  for  its  plication  as  optical  and  photoelectnc 
media,  planar  waveguides,  active  and  passive  elements  for  optoelectronics. 

The  intprartinn  of  laser  radiation  with  vitreous  chalcogenide  semiconductor  leads  both  irreversible  and  reversible  changes  of 
the  atomic  and  the  electronic  stractnres.  These  changes  are  manifesting  in  the  experiment  throu^  changes  of  mechamcal, 
thermal,  optical,  lAotoelectcical  and  other  characteristics'. 

Under  the  laser  illumination  the  structure  of  the  chalcogenide  thin  films  changes,  new  defects  appear,  film  crystallization  or 
amorfdiization  take  place,  phase  transition  or  transition  from  one  unstable  state  to  another  unstable  state  are  observ^  . 
However  there  are  several  conception  with  something  in  view  not  understanding  of  their  microstracture  rnechamsm,  m^y 
in  the  case  of  irreversible  and  reversible  photostructural  changes.  This  position  is  greatly  caused  by  the  difficulties  of  direct 
observation  of  local  atomic  structure  transformation  in  disordered  solids  using  ordinary  techniques  for  vitreous  structure. 

In  difference  with  the  crystalline  state  distinguish  by  long  range  order  (LRO),  i.e.  ^  the  existence  of  correlation  between 
the  position  of  every  two  atoms  situated  as  far  as  possible  one  from  another,  the  vitreous  states  of  ch^cogenide  glasses  is 
distingui^  Ity  the  absence  of  the  long  range  order  (LRO).  The  chalcogeiude  glasses  are  not  a  total  disorder  but  a  certain 
limitPH  order  called  shot  range  order  (SRO)  defined  by  the  inter-atomic  correlation  in  the  first  coordination  spheres  of  an 
arbitrary  atom,  i.e.  up  to  the  maximum  distance  were  the  bonding  forces  are  acting.  In  vitreous  chalcogenide  glasses  the 
order  extends  up  to  larger  inter-atomic  distances.  On  this  basis  a  new  type  of  order  was  defined  the  medium  range  order 
(MRO)^. 

In  this  article  we  submit  that  an  analyze  of  the  composition  of  condensed  molecules  by  means  of  mass  sp^ometry  may 
harvest  complementary  information  important  in  building  structural  models  in  SRO  and  MRO  chalcogenide  passes  and 
explaining  the  mechanism  of  the  i*otostructural  changes  in  vitreous  semiconductors^  . 


♦(Correspondence:  E-mail  diilghcra'&Cas.nid.  Fax:  (+3732)-73741 1,  Hione:  (+373-2)-73743 1 
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2*  EXPERIMENTS 


The  bulk  samples  of  AS2S3  and  As2Se3  doped  with  tin  were  synthesized  using  elementary  As,  S,  Se  and  Sn  of  high  purity. 
Thin  films  were  obtained  by  thermal  deposition  (vaporization  of  the  bulk  samples)  in  a  vacuum  on  the  preliminary  cleaned 
oxide  glass  substrates  and  on  the  oxide  glass  capillaries  (for  mass  spectroscopy  analysis  of  thin  films  obtained  in  the  same 
condition). 

Mass  spectrums  were  registered  using  MX  1320  mass  spectrometiy.  The  measurements  were  made  at  ionizing  electron 
energy  70  eV  and  v^rization  temperature  453  K  for  As2^  and  543  K  for  As2Se3. 

The  identification  of  the  species  was  made  according  to  the  relative  abundance  of  the  suMur  isotopes  they  contain.  The 
intensity  of  peaks  were  measured  with  an  error  of  ct  1%. 

For  the  illumination  of  the  thin  films  Ar-laser  (X=514  nm)  was  used.  Data  of  mass  spectrometric  analysis  of  AS2S3  and 
As2Se3  doped  with  tin  chalcogenide  glasses  before  and  after  illumination  shows  the  perceptible  difference  in  quota  of  As^  Sn 
and  Asm  Sen  molecular  units'*. 

Using  HyperChem  Computational  Chemistry  Program  we  realized  3D  structures,  with  minimum  potential  energy 
(Kcal/mol)  conformation  for  the  molecules:  As4[3.47];S8[4.44];  As2S5[14.36];  As2S4[17.62];  As2S6[19.11]; 

AS4S4PI.88];  As4S5[24.98];  AS2S3P5.8I];  As4S6[43.13];  AsaSqs  [80,26];  As4Se4[177,29];  As4Se5[150,07];  As4Se6[184,33]; 
As2Se3[97,18];  As2Se4[l  15,42];  As2Se5[148,03];  As2Se6  [191,09]. 

The  total  energy  of  the  molecule  configurations  we  obtained  using  Single  Point  Calculation  of  the  HyperChem 
Computational  Chemistry  Program  A  single  point  calculation  performs  the  static  properties  of  a  molecule.  The  properties 
include  potential  energy,  derivatives  of  the  potential  energy,  molecular  orbital  energies,  and  the  coefficients  of  molecular 
orbitals  for  excited  states.  The  molecular  structure  data  for  a  sin^e  point  calculation  usually  reflects  the  coordinates  of  a 
stationary  point  on  the  potential  energy  surface,  typically  a  minimum  or  transition  state. 

As  regards  a  geometry  optimization,  HyperChem  starts  with  a  set  of  Cartesian  coordinates  for  a  molecule  and  tries  to  find  a 
new  set  of  coordinates  with  minimum  potential  energy. 

The  potential  energy  is  very  complex,  even  for  a  molecule  containing  only  a  few  dihedral  angles.  Since  minimization 
calculations  can’t  cross  or  enter  potential  energy  barriers,  the  molecular  structure  found  during  an  optimization  may  be  a 
local  and  not  a  global  minimum  The  minimum  represents  the  potential  energy  closest  to  the  starting  structure  of  a  molecule. 
Frequently  are  using  minimizations  to  generate  a  stmcture  at  a  stationary  point  for  a  subsequent  single  point  calculation  or 
to  remove  extreme  force  in  a  molecule,  preparing  it  for  a  molecular  ^mamics  simulation. 

3.  RESULTS 

The  Tab.  1  presented  bellow  gives  the  results  of  the  mass  spectrometric  analysis  of  vaporization  from  thin  films  of  AS2S3 
and  As2Se3  doped  with  2  %  of  tin  before  and  after  Ar-laser  illumination. 

Mass  spectrums  of  the  thin  films  of  AS2S3  dof^  with  2  %  of  Sn  before  and  after  Ar-laser  illumination  are  presented  on 
chart  l(before  illumination)  and  chart  2  (after  illumination).  Visible  there  are  perceptible  difference  in  the  intensity  of  the 
ion  currents. 

For  thin  films  of  AS2S3  doped  with  2  %  of  Sn  before  illumination  we  registered  the  following  ions:  ASmS/  (m=l-4;  n=l-5), 
Asn,^(m=l-4),  Sn^(n=l-2)  and  SnS2^.  After  illumination  of  thin  films  new  kinds  of  ions  are  present  on  the  mass  spectrum: 
Sn^  (n=3-8) ,  AS2S6  and  SnS"^.  Also  increases  the  intensity  of  the 

Mass  spectrums  of  the  thin  films  of  As2Se3  doped  with  2%  of  Sn  before  and  after  Ar-laser  illumination  are  presented  on 
chart  3(before  illumination)  and  chart  4  (after  illumination).  Visible  there  are  perceptible  difference  in  the  intensity  of  the 
ion  currents. 
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For  thin  films  of  As2Se3  doped  with  2%  of  Sn  before  illumination  we  registered  the  following  ions:  ASmSCn^  (m-1-5; 
hfWX  ASm^(m=l-4),  Sen^(n=l-2)  and  SnSea^.After  illumination  of  thin  films  new  kind  of  ion  is  present  on  the  mass 
spectrum:  SnSe^.  Also  increase  the  intensity  of  the  ASm^  ions. 

As  results  of  computational  modeling  we  obtained  sticks  &  dots  models  of  the  AsmSn,  AS4  and  Sg  molecules  that  are 
presented  bellow.  There  are  also  given  the  model  of  the  As-S-Sn  bonds  before  and  after  Ar-laser  illumination. 

Also  there  are  presented  sticks  &  dots  models  of  the  AsmScn  molecules  and  the  model  of  the  As-Se-Sn  bonds  before  and 
after  Ar-laser  illumination. 


Tab.  1  Results  of  the  mass  spectrometric  analysis  of  vaporization  from  thin  films  of  AS2S3  and  As2Se3  doped  with  2  % 

of  Sn.  The  measurements  were  made  at  ionizing  electron  energy  V=70  eV  and  vaporization  temperature  453  K  for  AS2S3. 
The  measurements  for  As2Se3  were  made  at  ionizing  electron  energy  V=70  eV  and  vaporization  temperature  543  K 
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Chart  1 .  Mass  spectrum  of  the  As-S-Sn  semiconductor 
system  before  Ar-laser  radiation. 
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Chart  2.  Mass  spectrum  of  the  As-S-Sn  semiconductor 
system  after  Ar-laser  radiation. 
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Chart  3.  Mass  spectrum  of  the  As-Se-Sn 
semiconductor  system  before  Ar-laser  radiation 
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Chart  4.  Mass  spectrum  of  the  As-Se-Sn 
semiconductor  system  after  Ar-laser  radiation. 
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Sticks  &  Dots  models  of  the  As-S  molecules. 
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Model  of  the  As-S-Sn  bonds. 
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Sticks  &  Dots  models  of  the  As-Se  molecules. 
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4.  DISCUSSION 


Taking  into  account  that  molecules  have  tenden^'  to  formed  evi(tently  with  minimum  of  the  potential  ener^  may  be 
e}q>lained  the  aj^seaiance  after  illumination  mole<^es  that  contain  homogeneous  As-As,  S-S  or  Se-Se  bonds.  That  fact 
respectively  influents  the  jAysical  proprieties  of  the  thin  films. 

The  observed  changes  in  the  mass  spectra  may  be  e^qjlained  in  view  of  some  re-arrangement  of  the  component  atoms  in  the 
shot-range  order.  After  the  illumination  the  fiagments  of  the  form  [AsmS„f  &  [As^SeaT  differ  fto“  the  same  before 
illumination.  After  illumination  increased  the  intensities  of  the  peaks,  corresponding  to  the  particles  that  contain  As-As,  S-S 
and  Se-Se  homogeneous  bonds  (AS4,  Sg,  AS4S3,  As4Se3). 

Molecules  AS2S3  and  AS4S6  contain  only  heterogeneous  bonds  As-S  and  molecules  As2Se3  and  As4Se6  contain  only 
heterogeneous  bonds  As-Se.  Molecules  As4,  Sg,  804  contain  only  homogeneous  As-As  ,  S-S  and  Se-Se  bonds.  Molecules 
AS2S4,  AS2S5,  AS2S6  contain  respectively  one,  two  and  three  homogeneous  S-S  bonds.  Molecules  AS4S5,  AS4S4,  AS4S3 
contain  respectively  one,  two  and  three  homogeneous  As-As  bonds. 

The  As2Se4,  AsaSes,  AsaSee  molecules  contain  respectively  one,  two  and  three  homogeneous  Se-Se  bonds.  The  As4Se5, 

As4Se4,  As4Se3  molecules  contain  respectively  one,  two  and  three  homogeneous  As-As  bonds. 

Molecules  that  contain  only  homogeneous  As-As  or  S-S  bonds  have  got  a  minimum  of  the  potential  energy.  Thus  AS4 
molecule  has  got  the  potential  energy  3,47  Kcal/mol  and  Sg  molecule  has  got  the  potential  energy  4,44  Kal/mol. 

If  the  molecules  contain  homogeneous  bonds  As-As  their  have  got  a  loss  potential  energy,  for  exanqsle  AS4S3,  AS4S4,  and 
As4Ss  have  got  respectively  the  potential  energy  1 1,87  Kcal/mol;  21,88  Kcal/mol;  24,98  Kcal/mol.  But  the  molecules  AS4S6, 
that  contain  only  heterogeneous  As-S  bonds  have  got  respectively  potential  energy  43,13  Kcal/mol. 

Modeling  based  on  the  mass  spectroscopy  data  shows  the  aj^jearance  for  AS2S3  thin  films  after  illumination  the 
homogeneous  As-As  &  S-S  bonds  and  for  As2Se3  thin  films  As-As  &  Se-Se  homogeneous  bonds.  That  fact  leads  to  more 
compact  packing  of  the  component  atoms.  As  result  this  fact  caused  the  increase  of  the  ^nsity  of  the  film.*; 

5.  CONCLUSIONS 

That  behavior  under  the  illumination  may  be  connected  with  the  characteristic  of  the  structure  of  the  thin  films  of  AS2S3  and 
As2Se3  dop^  with  2%  of  tin.  For  that  reason,  as  a  result  of  photostructural  transformation  under  illiunination  the  tin  atoms 
change  their  valence  from  IV  to  EL  In  a  like  manner  the  illumination  changes  the  coordination  number  of  the  tin  atoms  and 
that  make  the  structure  of  the  doped  thin  films  more  stable.  That  one  permit  us  to  conclude  that  the  AS2S3  and  As2Se3  doped 
with  tin  alloys  are  more  perspective  for  holographic  and  optical  recording  than  the  chalcogeni(te  glass  alloys  without  tin 
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ABSTRACT 

The  gyroscopes  are  defined  as  devices,  which  can  measure,  autonomously,  rotational  motions  relative  to  inertial  ^pace.  They 
are  of  central  importance  for  fli^  control,  for  navigation  /  orientation  in  the  air,  at  sea  and  on  land,  and  also  for 
gfahiliyarinn  /  guidance  of  Smart  weapon  systems.  Benefiting  firom  advances  in  semiconductor  technology,  the  basis  of  gyro 
systems  has  changed  fiom  mechanical  platforms  to  strapdown  technology.  For  strapdown  use,  new  types  of  ^oscopes, 
such  as  optical  gyros,  have  been  developed.  This  laper  jnesents  ojrtical  gyros,  emphasizing  the  fiter  gyro  and  its  principal 
advantages  such  as  solid-state  operation,  Ught  weight,  small  size,  low  power  consumption,  rapid  tum-on  time  and  high 
reliability,  that  are  important  considerations  for  many  high-performance  af^lication  areas. 

Keywords:  Strapdown  technology,  ring  laser  gyroscopes,  fiber  optic  gyroscopes. 

1.  INTRODUCTION 

The  gyroscopes  are  defined  as  devices  that  can  measure,  autonomously,  rotational  motions  relative  to  inertial  space, 
consequently,  gyroscopic  systems  are  of  central  importance  for  fii^it  control,  for  tiavi^bon  /  orientation  in  the  air,  at  sea 
and  on  land’  and  for  stabilization  /  guidance  of  smart  weapon  systems.  Benefiting  fi-om  advances  in  semi-<»ndactor 
technology,  the  basis  of  gyro  systems  has  changed  fl-om  mechanical  jiatforms  to  strapdown  technology  in  which 
iTwv^haniral  components  are  replac^  by  digital  computers  and  software. 

In  the  past,  inertial  navigation  ^ro  syrstems  contained  a  mechanical  platform  which  carried  the  necessary  gyroscopes  and 
accelerometers  and  which  was  isolated  fi-om  the  vehicle ‘s  rotational  motion  by  a  system  of  gimbal. 


This  platform  was  aligned  to  the  horizontal  and  north,  and  st^ilized  by  the  gyroscope  signals.  Acceleration  in  east-west  ^ 
north-south  directions  was  measured  on  the  stabilize!  jdatform  while  the  velocity  and  instantaneous  position  of  the  vehicle 
were  computed. 

Since  the  stabilized  platform  was  voluminous,  heavy  and  generating  errors,  more  recently  gyros  ^d  accelerometers  have 
been  fixed  on  the  vehicle  flame.  In  these  strapdown  systems  (Fig.1),  the  acceleration  is  measured  in  the  vehicle  flame  and 
the  mechanical  platform  is  effectively  replaced  by  a  comjHiter  software.  In  the  system’s  digital  computer,  integr^on  of  the 
measured  gyroscope  ggnals  is  used  to  calculate  a  transformation  matrix,  which  defines  the  instantaneous  position  of  the 
vehicle  relative  to  the  earth  and  repesents  the  mathematical  analo^e  to  a  mechamcal  platform  The  acceleration  vector 
measured  for  the  vehicle  is  multiplied  by  the  transformation  matrix  and  thus  povides  the  acceleration  in  east-west  and 
north-south  directions,  so  that,  as  in  stabilized  mechanical  platform  systems,  the  velocity  and  instantaneous  positions  can 
then  be  computed. 

In  a  strapdown  system,  the  gyros  are  no  longer  rotationally  isolated  by  gimballing  but  are  exposed  to  the  fiill  movement  of 
the  vehicle  which,  in  aircraft,  can  be  up  to  400  °/s.  This  results  in  a  very  hi^  (fynamic  range  for  strapdown  gyros. 
Otherwise,  high  accuracy  (0,01°/h)  in  this  wide  measurement  range  caUs  for  excellent  gyroscope  linearity.  Therefore,  foe 
rhangp  to  str^jdown  technolo^  forced  new  development  of  gyros  to  achieve  the  necessary  dynamic  range  and  linearity. 
Ring-laser  and  fiber-opic  gyros  have  proved  themselves  suitable  for  str^xlown  ap|dications. 
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Fig.l  Strapdown  system  contaming  a  sensor  package  with  gyros  and  accelerometers  (a),  and 
a  sensor  electronics  with  digital  computer  (b) 

2.  RING-LASER  GYROSCOPES 

The  ring-laser  gyroscope  (RLG)  is  an  optical  gyro  in  which  li^  is  guided  by  mirrors  along  a  closed  path,  so  that  a  beam  of 
light  encloses  an  area.  If  the  rig  laser  is  rotated,  then  two  li^t  beams  which  start  at  the  same  time  but  travel  around  the 
enclosed  area  in  opposite  directions,  will  show  differences  in  transit  times  (Sagnac  effect).  This  time  difference  provides  a 
measure  of  the  rotation  that  has  occurred,  and  increases  with  the  size  of  the  area  enclosed  The  RLG  consists  of  an  HeNe 
laser,  the  beam  of  which  is  guided  around  the  area  by  mirrors.  Fig.  2  shows  a  RLG  built  by  LiUon  Guidance  and  Control 
Systems  Division,  which  uses  four  mirrors. 


Fig.2  Ring-laser  gyroscope 

The  difference  in  transit  times  in  the  RLG  causes  the  laser  to  split  into  two  modes  with  slightly  different  frequencies  which 
overlap  in  the  resonating  chamber.  This  causes  the  formation  of  a  standing  light  wave  in  which  li^  (crests)  and  dark  zones 
(nodal  points)  alternate.  This  standing  wave  in  the  RLG  remains  fixed  in  its  position  while  the  instrument  rotates,  and  is  thus 
die  analogue  to  the  moment  of  inertia  of  a  mechanical  gyro.  The  inertia  of  a  rotating  mass  is  thus  replaced  by  the  inertia  of 
an  electromagnetic  wave  field  These  light  and  dark  zones  are  scanned  during  rotation,  not  directly,  as  this  is  not  possible 
due  to  the  very  small  divergence  of  the  laser  beam.  They  are  scaimed  indirectly,  using  an  interference  prism,  to  combine  the 
beams  from  both  directions  onto  a  {diotodiode  where  interference  fringes  are  measured. 

The  RLG  has  significant  advantages: 

•  -the  gyro  doesn’t  contain  any  rotating  mass  since  the  inertia  of  a  rotating  mass  is  replaced  by  the  inertia  of  an 
electromagnetic  wave  field; 

•  -there  are  no  moving  mechanical  components,  the  function  of  which  generates  friction  forces; 

•  -there  are  no  needs  to  equilibrate  moving  parts; 
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•  -the  RLG  has  rapid  tum-on  time,  hi^  accuracy  (  0,01°/h  )  and  hi^  reUability  even  under  harsh  environmental 
conditions. 

In  qjite  of  this  success,  the  RLG  present  some  technical  drawbacks: 

•  -it  is  necessary  to  ensure  the  rigidity  of  the  optical  path,  so  that  it  cannot  be  distorted; 

•  -the  “lock-in  effect”  which  occurs  at  a  threshold  of  100°/h  The  back-scatter  of  the  murors  can  lead  to  a  ^  of  friction 
between  die  wave  field  and  the  mirror  so  fliat,  at  small  rates  of  rotation,  even  with  hi^  quality  mirrors,  the  wavefield  is 

with  the  body  of  the  instrument.  This  is  known  as  the  “lock-in  effect”  and  must  be  overcome  in  all  api^ic^ons 
by  using  dither  technique  and  rate  bias  technique.  In  dither  technique  each  RLG  of  a  gyro  system  is  suspended  in  the 
center,  on  a  spoked  qjring,  and  shaken  Ity  piezo  elements  with  an  amj^tude  of  about  0,2°  about  the  axis  of  the  saving. 
The  springs  are  flexible  elements  and  represent  a  source  of  error  that  degrades  accuracy.  In  the  rate  bias  techniqro, 
which  avoids  this  source  of  error,  the  RLGs  of  a  gyro  system  are  mounted  on  a  rotating  table  and  are  operated  outside 
the  lock-in  threshold  by  continuously  turning  the  table  back  and  forth  through  a  fixed  angle. 

3.  FIBER-OPTIC  GYROSCOPES 

The  fiber-optic  gyroscope  (FOG)  is  an  optical  gyro  and  uses  li^  conducting  fibers  in  place  of  mirrors.  Its  high  sensitivity, 
ruggedness  and  the  absence  of  lock-in  effects  permit  its  substitution  for  mechanical  or  laser  gyros,  even  in  rough 
environments. 

Like  the  RLG,  the  FOG  is  based  on  the  Sagnac  effect,  which  produces  a  i*ase  difference  between  two  counterpropagating 
electromagnetic  waves  in  a  rotating  flume  of  reference.  The  most  commonly  used  configuration  of  a  FOG  is  known  as  the 
Sagnac  interferometer  and  its  (xmfiguration  is  shown  in  Fig.  3. 


Fig.3  Basic  minimum-configuration  FOG 

Light  from  an  optical  source  is  split  into  two  components  by  a  coupler  and  directed  into  a  fiber  loop  of  N  turns  to  form 
optical  fields  that  propagate  around  the  loop  in  opposite  directions.  After  passing  through  the  fiber  loop,  the  two  optical 
(rninpnnPiiits  are  recombined  by  the  coupler  and  the  interference  between  them  is  detected  ^  the  detector. 

In  a  rotating  frame,  the  Sagnac  effect  causes  the  effective  optical  path  through  the  loop  to  increase  for  one  beam,  while  for 
the  other  it  becomes  shortened.  The  resultant  i*ase  difference  between  the  two  optical  components  is  given  by: 

03  =  47cRLQ/(AoC)  (1) 

where  R  is  the  radius  of  the  fiber  coil,  L  is  the  total  length  of  fiber  in  the  loop,  Xo  is  the  vacuum  wavelength  of  the  source 
radiation,  c  is  the  velocity  of  light,  and  Q  is  the  rotation  rate.  The  i*ase  6,  is  known  as  the  Sagnac  phase  shift.  The  Sagmc 
effect  is  extremely  small  (the  measurement  of  rotation  rates  on  the  order  of  0,01°/h  using  such  a  gyro  require  a  jAase-shift- 
detection  sensitivity  of  10"’  rad)  and  can  be  easily  overwhelmed  by  other  {iiysical  effects  that  affect  the  optical  path  length 
and  the  i*ases  of  both  waves  equally.  To  eliminate  phase  shifts  other  than  those  that  are  due  to  rotation,  &e  optical  of 
the  two  beams  must  be  identical  when  the  gyro  is  in  a  nomotating  flume,  that  is,  the  system  must  exhibit  reciprocity.  To 
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achieve  the  reciprocity  in  the  fiber  loop  it  is  cracial  to  have  the  same  geometrical  path  for  both  waves  and  to  select  a  single 
state  of  polarization  for  the  input  and  the  output  waves  since,  because  of  their  birefiingence,  the  single-mode  fibers  used  for 
optical  gyros  penmt  the  propagation  of  two  states  of  orthogonal  polarization  at  different  velocities  and  provide, 
consequently,  ^o  parallel  optical  path,  in  each  direction,  for  the  two  independent  polarization  states.  The  geometrical  path 
of  both  waves  is  made  the  same  by  deriving  the  output  from  the  same  coupler  port  that  is  used  as  the  input  and  a  single  state 
of  polarization  is  selected  using  a  polarizer  at  the  input  to  the  fiber  loop. 

T^e  detector  gives  an  electrical  signal  whose  amplitude  is  proportional  to  the  incident  intensity  of  the  detected  interference 
signd.  Since  the  counterpropagating  waves  have  traveled  identical  optical  path,  they  add  in  phase  to  a  maximum  value;  at  a 
the  interference  signal  has  low  sensitivity  to  small  phase  differences  between  the  interfering  waves.  To  optimize 
gyroscope  sensitivity,  especially  for  low  rotation  rates,  a  phase-modulation  technique  is  used.  It  consists  of  modulating  the 
phase  of  each  of  the  counterpropagating  waves,  by  applying  a  time-varying  modulation 


<D  =  OniSin(Dn»t  ( 2 ) 

at  one  end  of  the  fiber  loop  by  means  of  a  phase  modulator.  The  phase  modulation  results  in  a  nonreciprocal  phase 
difference  <I>nr  between  the  two  waves,  and  also  results  in  the  intensity  modulation  of  the  interference  signal.  The  intensity 
modulation  of  the  interference  signal  is  given  in  the  following  form: 


FJX)  =  Kcos  {d>„iSin  (®^t)  -  Oi„sin[®  Jt-T)}f0s}  ( 3  ) 

where  K  is  a  coefficient  proportional  to  the  optical  power  and  x  is  the  jKOpagation  time  through  the  fiber  loop-  and  can  be 
expressed  in  terms  of  a  Bessel  function  expansion  which  underlines  that  the  interference  signal  without  phase  modulation 
(^m  ~  fi)  includes  the  Sagnac  phase  shift  Gg  only  through  the  form  of  cosGg,  whereas  the  terms  including  sinGg  appear  as  a 
result  of  the  jdiase  modulation.  These  are  the  terms  that  assure  the  optimum  or  linear  response  of  a  gyro  in  a  region  of  low 
rotation  rate  Q  «  0.  The  component  that  oscillates  at  the  fundamental  fi-equency  ©m  and  has  a  sinusoidal  dependence  on 
Sagnac  phase  shift,  Gg,  represents  the  output  signal  of  FOG  and  varies  proportionally  to  the  Sagnac  phase  shift  (to  the 
measured  rotation  rate)  for  low  rotation  rates. 


T7te  output  signal  of  FOG  has  a  sinusoidal  dependence  on  Sagnac  phase  shift  and  varies  proportionally  to  the  Sagnac  phase 
shift  (  and  thus,  to  the  measured  rotation  rate),  especially  for  low  rotation  rates,  if  a  sinusoidal  phase  modulation  technique 
is  applied  in  order  to  optimize  gyroscope  sensitivity. 


There  are  two  basic  modes  of  operation  of  the  fiber  gyros:  open-loop  and  closed-loop.  Fig.  4  shows  the  basic  configurations 
used  to  inclement  the  two  modes. 


open  loop 


fiber  Coif 


-  .&3enac  'p^iose'' 


Periodic:.; 


Closed  Loop  " 


feecftiiack'ts  ..  :Scgnoc  phase' 
null  input  -  shift 


In  the  fiist,  the  magnitude  of  Sagnac  phase  shift  is  detennined  directly,  from  the  outpit  signal  of  the  FOG,  while  in  the 
closed-loop  configuration,  the  gyroscopes  employ  nonreciprocal  i*ase  shift  devices,  in  a  feedback  loop,  to  compensate  for 
the  Sagnac  fdiase  shift,  so  that  file  FOG  is  operated  at  null. 

Open-loop  gyro  offers  a  lower-cost  option  for  many  medium-performance  applications  but  are  limitpH  a  number  of 
ftctors.  TTie  output  of  an  open-loop  FOG  depends  sinusoidally  on  die  Sagnac  i^iase  shift,  and  thus,  on  rotation  rate;  this 
leads  to  nonlineari^  and  to  a  lirmted  (fynamic  range.  Furthermore,  the  scale  factor  depends  directly  on  the  source  intensi^ 
and  (m  the  polarization  changes  in  the  fiber.  In  most  cases,  the  polarization  problem  is  overcome  using  high- 
birefringence,  polarization-maintaining  (PM)  fibers,  although  this  increases  the  cost  of  the  optical  head.  The  polarization 
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pn*lem  can  also  be  overcome  using  a  depolarized  gyro  configuration  with  a  non-PM  fiber  coil,  thus  lowering  the  system 
cost. 

Closed-loop  gyro  offers  the  potential  of  hi^-performance  rotation-rate  sensing  with  low  drift,  wide  (fynamic  ^ge  and 
high  scale-factor  stability.  Closed-loop  signal  processing  is,  however,  considerably  more  complex,  both  optically  and 
electronically,  ^ically  involving  hi^-speed  digital  electronics.  These  systems  are  aimed  at  high-precision,  low-drift  and 
wide-cfynamic-range  sensing  ap{dications,  such  as  inertial  navigational  system.  In  general,  this  type  of  system  cannot 
provide  very  low  cost  options  for  less-demanding  apfdications,  where  minimum  detectable  rotations  (1  to  10°  /  h)  and 
linearities  (0,1  to  1  percent)  may  be  adequate. 

To  imjxove  the  limited  ^mamic  range  of  an  open-loop  gyro,  an  analog  phase-tracking  ^modulator  has  been  (teveloped, 
that  qmiilaffts  the  operation  of  a  true  closed-loop  gyro,  but  the  phase-shift  nulling  is  done  el^onically,  not  optic^y.  The 
scheme  can  be  implemented  using  very  low-cost  analog  electronics,  and,  when  combined  with  a  depolarized  optical  head, 
provides  a  system  with  low-cost  optics  and  electronics. 

The  optical  configuration  of  this  electronically  closed-loop  system  is  basically  that  of  a  conventional  open-loop  gyro  using 
phase  modulation  technique  (Fig.  5). 

In  this  crhpmp  the  gyro  output  is  fed  to  an  analog  multiplier,  which  mixes  the  harmonic  components  of  the  gyro  output  with 
an  electronically  S5mthesized  interferometric  signal  Sr,  of  relative  phase  shift  *Pr  and  modulation  A*Psin  ot,  to  produce  a 
signal; 

S„  =  Asin(0,-'Pr)  (4) 

where  A  is  a  constant  dependent  on  the  optical  parameters  of  the  system  and  the  phase-modulation  amplitude.  This  signal  is 
dependent  on  the  sine  of  the  difference  in  jAiase  between  the  gyro  and  the  electronically  synthesized  interferometric  si^ 
(05  -  T'r)  •  This  is  the  form  of  signal  generated  with  true  closed-loop  gyro  configuratios,  where  the  jAiase  %  is  optical^ 
ititmHiirfvi  in  the  fiber  loop  to  directly  null  the  Sagnac  phase  shift.  In  the  system  described  here,  the  ou^t  of  equation  (4)  is 
electronically  synthesized  from  the  output  of  an  open-loop  gyro.  By  using  So  as  an  error  signal  in  a  control  loop,  the  ouqrut 
So  can  be  nulled  and  the  Sagnac  i*ase  shift  (and,  thus,  the  rotation  rate)  can  be  read  via  'Pr . 

The  output  is  linear  over  a  range  ~  ±  2jt  range  in  Sagnac  i^se  shift,  a  range  much  greater  than  that  obtainable  firom  a  dir^ 
open-loop  gyro.  This  ^pe  of  system  can  be  configured  fi)r  a  range  of  rotation  rates  but  typically  will  perform  best  with 

resolutions  of  ~  10°  /  h  and  maximum  rates  of  ~  1000°  /  s. 


Fig.  5  Fiber  gyro  with  electronically  closed-loop  operation 

4.  ADVANTAGES  AND  APPLICATIONS  OF  FIBER-OPTIC  GYROSCOPES 

As  a  sensor  with  no  moving  parts,  the  FOG  has  a  number  of  advantages  over  conventional  mechanical  gyroscopes;  high 
reliability  even  under  harsh  environmental  conditions;  no  spin-up  time;  maintenance  fiee;  hi^  shock  resistance;  high 
vibration  resistance;  extremely  hi^  bandwidth;  no  acceleration  dependent  drift;  long  shelf  live;  long  service  life;  low  cost 
of  ownership;  high  Mean  Time  Between  Failure  (MTBF),  light  weight,  small  size,  low  power  consumption.  These  are 
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important  considerations  for  many  high-performance  application  areas;  adding  to  these  advantages  the  potential  for  very 
low  cost,  the  ^Ucation  areas  for  fiber  gyros  expand  consitferably. 

The  area  of  land  navigation,  and,  in  particular,  the  development  of  fiber  gyros  for  navigational  /  guidance  systems  as  part  of 
intellig^t  vehicle  systems,  is  generating  considerable  interest.  Low-accuracy  gyros  can  be  used  in  such  applications  as 
positional  iqxlates  from  GPS  (satellite)  and  ground-based  reference  beacons,  and  electronic  maps  can  be  used  to  augment 
the  ^stem.  Compames  in  Japan,  such  as  Sumimoto,  Matsubishi  are  [voducing  a  large  numbers  of  fiber  gyros  for  such 
apphcations.  Typical  specifications  include  a  resolution  of  ~  0,01°/s  and  an  accuracy  of  <  0,25  percent  for  rotations  <  707s. 
These  devices  are  being  installed  in  Nissan  and  Toyota  cars  sold  in  Jm>an  as  part  of  a  navigation  system  that  uses  GPS  and 
CD  ROM  m^. 

Other  potential  apf^cations  of  these  low-cost  fiber  gjros  incliKle  robotics,  missile  guidance,  gyrocompasses  and 
navigational  systems  for  ligfit  aircrafi^.  FOGs  have  the  potential  to  p'ovide  a  higher  performance  and  greater  reliability  than 
conventional  rate  gyros,  combined  with  lighter  wei^t  and  lower  power  consumptioa  Litton  Guidance  and  (Control  System, 
one  of  several  companies  working  in  this  field,  realized  a  production-  standard  inertial  measurement  unit  (IMU)-  comprising 
three  FOGs,  three  accelerometers  and  the  associated  electronics  -  that  can  be  packed  into  a  pyramid  measiiring  less  than  7,6 
cm  per  side  and  weighing  under  340  g.  This  compares  with  typically  1 1,4  kg  for  an  IMU  based  on  conventional  gyros,  and 
6,8  kg  for  one  using  ring-laser  gyros. 

Litton  Guidance  and  Control  Systems  had  test-flown  what  was  claimed  to  be  the  first  all-solid-state  IMU.  This  Attitude  and 
Heading  Reference  System  employs  three  FOGs,  microminiature  silicon  accelerometers  and  circuitry  in  a  system  weighing 
2,3  kg.  Also,  the  company  developed  the  LN-200  IMU,  in  collaboration  with  LfTEF  in  Germany  and  LITAL  in  Italy,  as  a 
candidate  for  use  in  missiles;  the  LN-200  IMU  measures  12,7  cm  x  12,7  cm  x  10  cm  and  weighs  less  than  2,3kg 


Kg.  6  Fiber-optic  gyro 

Litton  has  also  built  {xototype  FOGs  for  the  US  Army’s  Picatiimy  Arsenal,  which  is  working  on  smart  munitions  for  large 
calibre  guns  on  tanks  and  howitzers;  the  company  has  also  delivered  engineermg  development  models  of  hi^-accuracy 
FOGs  to  the  US  Naval  Air  Development  Center,  to  demonstrate  their  feasibility  for  aircraft  navigation  system  and  shipboard 
gyrocompasses. 


5.  CONCLUSIONS 

Ru^edness  and  long  service  life  make  the  FOG  a  first  choice  for  every  application  where  it  has  to  survive  in  a  harsh 
environment  Such  ^plications  include  turn  indicators,  platform  stabilization,  control  of  robots,  navigation  systems  for 
vehicles  and  airplanes,  stabilization  of  antennas  and  sensor  packages.  Attitude  and  Heading  Reference  Systems,  hybrid  GPS 
(Global  Positioning  System),  aided  navigation  systems,  and  Inertial  Navigation  Systems  (INS). 
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after  NdiYAG  long  pulse  laser  welding 

V.  lov,  F  Costache*,  A.  Marian,  D.M.  Buca, 

National  Institute  of  Laser,  Plasma  and  Radiation  Physics 
ECS  Laboratory,  P.O.  Box  M.G.-36,  Bucharest,  RO-76900,  Romania 


ABSTRACT 

The  hot  cracking  problem  encountered  when  1  mm  thick  stainless  steel  sheets  are  seam  welded  using  a  long  pulse 
Nd;YAG  laser  is  studied.  Cracks  are  observed  only  in  regions  where  the  primary  austenite  was  formed  in  the  cooling 
phase,  depending  on  it  amount  in  the  weld.  The  initiators  of  cracks  were  found  between  the  heat  affected  zone  and  base 
metal  as  a  band  of  segregate.  High  repetition  rates  decrease  the  crack  formation  at  constant  average  power  and  welding 
speed.  The  primary  austenite  dendrites  are  strongly  influenced  by  cooling  rate.  Melt  thickness  increases  with  pulse  energy 
when  pulse  duration  and  repetition  rate  are  kept  constant.  The  optimum  focus  position  was  approximately  0.5  mm  below 
the  level  of  the  woriqjiece  front  fiice  and  produced  good  quality  seam  welds. 

Keywords:  laser  welding,  long  pulse  Nd;YAG  laser,  solidification  structure. 

1.  INTRODUCTION 

Fusion  welding  is  one  major  fabrication  process  where  the  laser  has  found  a  large  field  of  applications.  Production  rate  and 
yield,  welding  of  materials  with  different  melting  points  in  inaccessible  areas  and  different  environments  through 
transparent  enclosures  and  external  fields  are  the  more  obvious  advantages  of  laser  welding.  Because  of  the  short  time 
factor  associated  with  this  source  of  heat,  welds  adjacent  to  heat  sensitive  elements  could  be  efferted.  The  heat  affected 
zone,  distortion  and  shrinkage  of  the  weldment  are  very  small  and  in  many  situations  could  be  neglected. 

In  recent  years,  major  advantages  have  taken  place  in  our  imderstanding  of  welding  processes  and  welded  materials.  The 
high  complexity  of  laser  welding  process  requires  an  interdisciplinary  approach.  Until  recently,  descriptions  of 
soUdification  of  liquid  alloys  have  focused  on  the  near-equilibrium  limit  in  which  the  solidification  speed  is  largely 
controlled  hy  the  rate  of  transport  of  latent  heat  away  from  interface.  However,  if  the  temperature  gradient  become  steeper, 
the  growth  rate  inrrp^«!p«!  to  a  point  where  the  finite  interface  mobility  can  not  be  ignored.  The  maximum  cooling  rate  (that 
is  the  product  of  temperature  gradient  and  growth  rate)  encountered  within  the  weld  pool  may  range  from  10^  to  10^  °C 
sec  ' .  As  a  result  of  rapid  solidification  the  structure  of  the  fusion  zone  is  changed. 

2.  WELDMENT  STRUCTURE  AND  PROPERTIES 

In  laser  welding  the  coherent  beam  of  laser  light  can  be  focussed  to  a  very  small  spot  giving  rise  to  high  power  densities  of 
over  10*  W  cm'^.  Fusion  welding  processes  lead  to  three  distinct  regions  in  the  weldment  as  it  is  shown  in  Fig.  1.  In  the 
fusion  zone  is  developed  melting  and  solidification.  The  heat  affected  zone  is  characterised  by  thermal  exposure  and 
solidification  transformation,  without  melting.  The  base  metal  zone  is  unaffected  by  the  welding  process. 

As  the  laser  beam  strikes  the  workpiece,  it  quickly  evaporate  the  substrate,  produces  plasma  and  create  a  “keyhole” 
surrounded  by  molten  metal.  The  driving  force  of  keyhole  formation  is  the  evaporation  pressure  caused  by  local 
evaporation.  The  evaporation  pressure  is  created  locally  where  the  intensity  of  the  laser  beam  is  high  enough  to  heat  the 
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material  above  the  boiling  temperature.  The  evaporation  pressure  of  the  metal  balances  the  surface  tension  and  the 
hydrostatic  pressure  of  the  molten  metal  to  keep  the  keyhole  from  collapsing.  Once  the  keyhole  has  become  stable,  it  acts  a 
black  body  and  absorbs  most  of  the  incident  radiation.  The  energy  absorption  efficiency  can  be  improved  dramatically  to  a 
value  much  higher  then  before,  owing  to  multiple  reflections  of  the  beam  in  the  cavity.  As  a  result,  laser  welding  produces 
welds  with  a  high  aspect  ratio  (depth-to  width  ratio)  and  narrow  heat  affected  zone.  In  the  keyhole  mode  of  welding,  the 
estimation  of  the  absorption  coefficient  depends  on  the  depth  of  the  keyhole,  which  is  difficult  to  determine,  in  practice. 


Fig.  1:  Schematic  diagram  of  the  fusion  welding  process 


The  process-microstructure-property  relationships  are  important  for  the  understanding  of  the  structure,  properties  and 
performances  of  the  welded  materials.  Unfortunately,  many  of  the  basic  principles  relating  to  these  relationships  are  not 
well  understood,  mainly  because  of  the  complexities  inherent  in  fusion  welding,  such  as  unknown  melt-pool  shape, 
formation  of  non-equilibrium  microstructures,  and  spatial  variations  of  composition,  microstructure  and  properties. 
Extensive  local  variations  of  composition  and  microstructures  in  a  weldment  are  common  and  unique  to  welded  structures. 
In  addition,  due  to  localised  heating  during  welding,  complex  thermal  and  transformation  stresses  are  generated  that 
remain  in  the  weldment  as  residual  stresses^ . 

The  origin  of  microstructures  and  stress  gradients  and  their  influence  on  the  weld  performance  is  a  largely  unexplored 
field  not  only  due  to  the  lack  of  understanding  of  these  gradients  but  also  because  the  characterisation  tools  to  probe  these 
gradients  on  both  macroscopic  and  microscopic  scales  have  been  developed  fairly  recently. 
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Fig.  2:  The  zones  appeared  at  the  laser  beam  -  base  metal  interaction. 
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Currently,  efforts  are  under  way  to  study  the  fusion  zone  (FZ)  and  the  heat  affected  zone  (HAZ)  characteristics  and,  in 
particular,  the  solidification  behaviour  of  the  weld-pool  and  the  solid  state  transformations  in  welds  (Fig.  2). 

The  critical  parameters  in  determining  the  FZ  microstructures  are  growth  rate,  temperature  gradient,  undercooling  and 
alloy  constitution.  The  temperature  gradient  and  growth  rate  are  important  in  combined  forms  and  cooling  rate  as  they 
influence  the  solidification  morphology  and  the  scale  of  the  solidification  substructure,  respectively.  Since  the  temi»rature 
gradients  in  solid  could  be  easy  estimated,  the  thermal  ^dient  in  the  liquid  is  more  critical  in  determining  the 
morphology  of  the  solid-liquid  interfiice  and  its  evaluation  is  complicated  by  the  fact  that  it  is  strongly  influenced  by 
convection  in  the  weld  pool.  Both  of  them  play  a  significant  role  in  determining  the  solidification  substructure  in  the 
fusion  zone. 

Undercooling  is  a  critical  parameter  that  controls  the  solidification  microstructure  and  segregation  effects.  It  may  be 
associated  with  the  nucleation  of  a  solid  in  a  liqmd  or  with  the  growth  process  during  solidification.  The  effect  of  increased 
imdercooling  at  the  dendrite  tips  is  to  solidify  at  a  composition  closer  to  the  overall  alloy  composition  and  thus  reduce 
microsegregation.  The  stability  of  the  solid/liquid  interface  in  the  fusion  zone  is  critical  in  deteiuuning  the  rmcrostructural 
fharartftrifitirs  of  the  wcld  metal.  During  the  growth  of  the  solid,  the  microscopic  shape  of  the  solid/liquid  interface  is 
by  the  thermal  and  constitutional  conditions  in  the  immediate  vicinity  of  the  interface.  These  fectors  determine 
whether  growth  occurs  Ity  planar,  cellular  or  dendritic  mode.  Since  in  pure  metals  (suppose  that  any  solute  effects  are 
developing)  only  thermal  gradients  control  the  stability  of  the  solid/liquid  interface,  in  alloys  the  solidification  front 
stability  is  more  complex,  because  composition  gradient  effects  ahead  the  interface  must  be  considered. 

The  effect  of  solute  redistribution  and  build-up  of  solute  at  the  solid/liquid  interface  on  the  morphological  stability  of  the 
solidification  front  has  been  examined  by  considering  the  concept  of  corrstitutional  supercooling.  Depending  on  the  actual 
thermal  gradient  in  the  liquid,  the  plane  front  will  remain  stable  or  will  become  unstable.  As  the  growth  conditions  depart 
firom  planar  stability,  the  interfiice  morphology  will  change  to  cellular  to  dendritic.  If  the  conditions  are  fevourable,  the 
(i^^ndritftg  will  exhibit  secondary  and  tertiary  arms  in  crystallographically  preferred  growth  conditions. 

3.  EXPERIMENTAL  SET-UP  AND  PROCESS  PARAMETERS  INVOLVED 

The  laser  used  for  performing  welding  ejqieriments  is  a  long  pulse  Nd:YAG  with  average  power  up  to  100  W,  repetition 
rate  ranging  among  1-10  Hz.  Laser  parameters  used  in  this  experiment  are  listed  in  Table  1. 


flash  lamp 


Nd:YAG 


beam  deflector 


>  focusing  lens 

workpieces 
stage 


Fig.  3:  Experimental  arrangement  for  laser  welding. 


The  welding  material  was  a  1  mm  thick  plate  made  of  AISI 3 16  stainless  steel  and  the  joint  geometry  used  was  seam  (butt) 
weld.  The  pulsed  seam  weldments  were  performed  with  overl^q^ing  pulses.  The  variable  overlaj^ing  degree  (defined  as 
(1-d/ds)  X  100  where  d-successively  spot  distance  and  d,-  spot  diameter)  were  70-90  %  and  was  acquired  by  fitting  the 
pulse  repetition  rate  with  the  speed  of  the  computer  controlled  translation  stage.  For  beam  focusing  a  lens  with  90  nun 
focus  length  were  used.  In  Fig.  3.  is  presented  a  schematic  diagram  of  the  laser  welding  experimental  set-up.  The  melt 
thickness  was  measured  using  an  optical  microscope. 
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A  check  on  the  optimum  position  of  the  focus  was  made.  The  results  showed  that  when  the  focus  point  was  positioned 
inside  the  workpiece,  a  V  shaped  weld  resulted  so  that  it  is  necessary  to  align  more  precise  the  two  pieces  to  be  welded. 
When  the  beam  was  focused  well  above  the  level  of  workpiece  front  face,  a  large  “nail  head”  was  formed  with  a 
consequent  loss  of  penetration.  The  optimum  focus  position  was  approximately  0.5  mm  below  the  level  of  the  workpiece 
front  face  and  produced  welds  with  little  or  no  “nail  head”  and  near  parallel  sides. 

Tab.  1  Melt  thickness  obtained  for  laser  parameters  and  overlapping  degree  used 


Pulse 
energy  (J) 

Pulse  duration 
(ms) 

Repetition 
rate  (Hz) 

Overlapping 
degree  (%) 

Melt  thickness 

(urn) 

1.5 

1 

1 

90 

550 

1.5 

1 

5 

90 

540 

1.5 

1 

10 

90 

530 

1.5 

4 

5 

90 

170 

2.1 

4 

5 

90 

220 

3.7 

4 

5 

90 

470 

4.6 

4 

5 

90 

800 

1.5 

4 

0.5 

90 

140 

2.1 

4 

5 

85 

200 

2.1 

4 

5 

70 

190 

4.  RESULTS,  DISCUSSION  AND  CONCLUSIONS. 

During  welding,  as  the  weld  pool  undergoes  transformation  from  liquid  to  solid,  the  solidification  behaviour  controls 
solute  redistribution^,  solidification  structure,  the  size  and  shape  of  grains,  and  the  distribution  of  inclusions  and  defects, 
such  as  porosity  and  hot  cracking. 


Fig.  4:  Melt  thickness  versus  pulse  energy. 
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The  melt  thickness  is  strongly  influenced  laser  parameters.  The  results  show  that  melt  thickness  increases  with  pulse 
energy  when  pulse  duration  and  repetition  rate  are  kept  constant  (Fig.  4.).  Moreover,  melt  thickness  increases  with 
overlapping  degree  at  constant  pulse  energy,  pulse  duration  and  repetition  rate. 

The  problem  encountered  within  this  material  was  hot  cracking,  phenomenon  that  depends  upon  the  cooling  rate  in  the 
weld  material.  The  AISI 3 16  type  stainless  steel  consists  mainly  of  austenite  with  a  small  amount  of  ferrite.  During  cooling 
down,  the  material  in  the  joint  solidifies  either  as  a  primary  ferrite  or  primary  austenite^.  When  cooling  further  down,  most 
of  the  primary  ferrite  is  then  transformed  into  austenite.  This  behaviour  of  the  microstructure  has  the  origin  into  a  change 
in  the  mode  of  freezing"*.  The  various  factors  that  control  this  nonequilibrium  effect  and  the  extent  to  which 
nonequilibrium  phases  form  in  welds  cooled  under  rapid  solidification  conditions  are  not  yet  fully  understood. 

The  metallographic  examination  revealed  that  solidification  cracking  had  occurred  in  all  of  the  welds  and  the  initiators  of 
cracks  were  found  between  the  heat  affected  zone  and  base  metal  as  a  band  of  segregate.  Primary  austenite  dendrite  (PAD) 
was  observed  in  all  the  specimens  tested,  with  variations  in  pattern  occurring  as  a  result  of  differences  in  the  rate  of 
cooling.  PAD  readily  grows,  starting  from  the  liquidus  down  to  the  eutectic  temperature.  Growth  of  dendrites  continues 
concurrentty  with  the  eutectic  range  of  the  solidus.  Thus,  undercooling  may  lead  to  higher  dendritic  interaction.  Because 
the  dendrite  arm  spacing  is  controlled  by  diffusion  and  not  by  heat  transfer,  the  decrease  in  the  spacing  between  dendrites 
with  increase  in  the  cooling  rate  can  be  ejqrlained  by  the  fiict  that  there  is  insufficient  time  available  for  the  diffiision 
solute. 


Photo  5:  Transverse  sections  of  weldments  (the  photos  were 
performed  by  using  an  optical  microscope) 

Weld  parameters: 

a.  E=1.5J;v  =  5Hz; 

b.  E  =  1.5  J;  v  =  0.5  Hz; 

c.  E=1.5J;v=10Hz; 

Overlapping  degree;  90  %. 


c. 
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In  conclusion,  the  results  of  these  studies  about  hot  cracking  are: 

1.  The  cracks  are  seen  only  in  regions  where  the  primary  austenite  was  formed  in  the  cooling  phase,  and  depends 
upon  it  amount  in  the  weld  (Photos  5.  a,  b.); 

2.  Crack  formation  increased  when  the  cooling  rates  were  increased; 

3.  Cooling  rates  are  increased  if: 

a)  Welding  depth  is  decreased.  In  this  case  the  keyhole  is  small  or  does  not  exist  (Photo  5.  b.); 

b)  The  overlai^g  of  the  pulses  is  decreased. 

c)  Welding  speed  is  increased 

4.  At  constant  average  power  and  welding  speed,  high  repetition  rates  were  reducing  the  crack  formation. 

In  the  Photo  6  is  presented  the  Nd:YAG  long  pulse  laser  with  a  beam  delivery  system  used  for  welding. 


Photo  6:  The  e;q)erimental  set-up  for  laser  welding. 
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ABSTRACT 

The  development  of  the  selective  laser  sintering  (SLS)  technique  used  for  rapid  building  of  3D  models  from  metal  powders 
is  presented.  The  aim  of  research  efforts  in  laser  sintering  is  to  create  strong  and  dense  models  with  no  need  post-machining. 
The  feasibility  of  SLS  is  demonstrated  by  the  mechanical  properties  of  models  obtained,  which  nearly  the  equivalCTt  to  the 
products  formed  by  sintering  in  conventional  way.  However,  Ae  range  of  the  materials  available  to  SLS  techiiique  is  limited 
to  weldable  metals  and  alloys.  The  main  benefit  of  this  laser  apf^ication  is  the  exact  control  of  process  parameters. 

A  Nd;  YAG  laser  woridng  in  CW  regime  was  used.  It  was  obtained  sintered  powder  parts  with  a  fine  accuracy  up  to  0.4  mm 
The  shrinkage  degree  on  height  was  lower  than  10  %.  The  microstructure  and  mechanical  jxoperties  of  SLS  processed 
matftriaig  are  similar  with  those  of  conventionally  processed  material.  The  strength  and  the  bulk  hardness  of  the  sintered 
material  were  tested. 

Keywords:  SLS,  Nd;YAG  laser,  metallic  powder,  process  parameters 

1.  INTRODUCTION 

The  wide  variety  of  grajAical  models  computer  assisted  was  allowed  to  introduce  on  the  market  efficient  and  productive 
methods.  Rapid  prototyping  is  one  of  this  methods  rely  on  computer  graphics  technology.  The  feature  of  fliis  method  is  the 
ability  to  produce  freeform  with  complex  geometry. 

A  brief  description  of  the  computer  generated  model  procedures,  the  key  of  the  rapid  prototyping  technique,  is  given  below. 
The  3D  model  is  created  on  computer  assisted  design  (CAD)  system  and  then  is  sliced  into  multiple  2D  parts.  The  data, 
which  describe  the  model  surface,  are  used  to  reproduce  a  2D  slice  of  the  model.  The  initial  model  prototype  is  built  up 
again  slice  by  slice  through  a  linking  procedure.  For  the  rapid  p-ototyping  systems  the  build  time  is  mainly  dependent  on  the 
number  of  slices  used  and  it  can  be  significantly  reduced  though  the  use  of  a  thicker  slice.  Methods  of  the  rapid  prototypmg 
technique  are  SLS,  which  is  used  to  generate  3-dimensional  objects  directly  from  CAD  data  by  laser  irradiation  of  a  thin 
powder  bed  on  a  {wecise  contour. 

This  paper  aims  to  identify  the  optimal  parameters  of  the  sintering  process  in  order  to  achieve  accurate  olgects  with  good 
mpirhaniral  properties.  Surface  structure  examination  of  sintering  area  shows  a  grained  texture.  Hardness  of  material  after 
laser  irradiation  was  evaluated  and  compared  with  material  obtained  1^  conventional  ways.  The  influence  of  the  laser  power 
density  and  overlapjing  degree  on  surface  rou^ess  and  tensile  strength  of  sintered  parts  were  discussed. 

2.  SELECTIVE  LASER  SINTERING 

The  part  is  grown  by  powder  using  the  selectively  melting  (sintering)  of  the  powder  particles.  A  laser  beam  scans  the 
pow^r  bed  and  heats  the  powder  grains  to  its  melting  point,  so  that  they  melt  and  stick  together.  After  that  the  base  ate  is 
slightly,  and  the  next  layer  of  powder  is  spread  across  the  surface  by  a  rotating  roller.  The  next  powder  layer  will 
be  at  the  same  woridng  surface  to  the  laser.  The  surrounding  unscanned  powder  serves  as  a  natural  support  for  sintered 
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powder,  therefore  it  is  not  necessary  an  extra  suj^rting  stmctures  for  the  next  layer  of  the  powder.  At  the  end  of  the  build 
process,  the  entire  amount  of  powder,  sintered  and  unsintered,  is  lifted  out  of  the  machine.  The  part  in  built  from  successive 
layers  of  sintered  powder.  The  final  object  can  be  sanded  down,  if  required,  to  obtain  smooth  surfaces. 

There  are  two  phase  transitions:  from  solid  state  to  fluid  state  and  back  to  solid  state  again.  The  materials  used  or 
investigated  in  ^s  paper  are  metals.  To  obtain  densities  near  90  percents  in  compare  with  material  nominal  density,  optimal 
process  parameters  were  determined. 

The  parameters  that  potentially  affect  sintered  part  quality  are  layer  thickness,  powder  particle  sizes,  laser  power  are 
scanning  speed.  Last  researches  exanimate  also  the  sinter  front's  propagation  effects  in  sintered  layers  and  the  influence  of 
the  relative  densities  of  the  sintered  and  unsintered  powders  during  SLS  process’ . 

By  melting  and  linking  the  metallic  particles  tend  to  be  together  due  to  superficial  forces.  The  sintering  process  is  affected 
by  inhomogeneous  heating  of  powder,  dilatations  and  solidification  mechanisms.  These  effects  lead  to  porosity  increasing 
and  tensile  strength  decreasing  of  the  parts.  The  surface  roughness  is  higher  when  particles  powder  size  is  smaller.  It  can  be 
obtained  peces  with  the  lowest  porosity  and  the  mechanical  strength  very  good.  Hardening  effect  is  determined  by  local 
heating  high  speed  processes  followed  by  cooling  result  from  flow  heat  into  cold  base  material.  The  features  of  these 
transforms  are  determined  by  temperature  distribution  in  heat  affected  zone  and  its  variation  speed. 

3.  EXPERIMENTAL  SET-UP 

The  SLS  technique  has  been  developed  for  stainless  steel.  The  extension  of  this  technique  to  metals  has  been  the  goal  in 
order  to  create  parts  and  particularly  tools  of  high  strength  and  hardness.  In  order  to  achieve  a  high  density  the  powder  has 
to  be  completely  melted. 

The  goal  of  this  research  is  to  obtain  peces  from  iron  cast  sintered  powders  nearly  to  conventional  way.  This  goal  can  be 
reached  using  a  laser  Nd:YAG  because  many  materials,  especially  metals,  have  a  very  good  absorbtivity  at  1.06  pm. 

The  SLS  pocess  can  be  described  in  few  steps.  First,  a  thin  powder  layer  from  fiisible  materials  was  pedeposited  on  a  tin 
base  plate.  An  initial  object  was  selectively  "drawn"  on  the  powder  bed  by  local  irradiation  with  a  NdiYAG  laser  beam.  An 
additional  powder  Ito^er  was  deposited  over  the  pevious  one.  A  slide-roller  mechanism  made  this  powder  layer  uniform  and 
it  was  scanned  with  the  laser  beam  after  the  same  contour.  Each  layer  has  been  fused  with  the  layer  below  it.  The  pocess 
was  repeated  until  the  pece  is  finished. 

The  powder  used  was  from  iron  cast  with  particle  sizes  p)  to  100  pm.  the  optimal  thickness  layer  was  found  about  100  pm, 
neariy  to  powder  particles  size.  This  value  has  been  chosen  from  flow  heat  reason,  fact  that  will  be  seen  afterwards. 


corrputer 


Fig.  1:  The  experimental  set-up  used  for  selective  laser  sinterii^  of  jKJwders. 
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The  experimental  set  up  is  shown  in  Fig.  1.  The  experimental  arrangement  contains  a  NdYAG  laser  woricmg  in  CW  regime 
with  output  power  up  to  150  W.  Inside  the  laser  cavity  there  is  shutter  commanded  by  the  computer.  So  it  is  controlled  the 
start-time  and  stop-time  of  laser  irradiation. 

The  main  computer  commands  the  shutter  to  stop  the  laser  radiation  before  effective  scanning  starting  and  immediately  after 
laser  scanning.  This  shutter  assures  the  velocity  vector  accuracy.  At  scanning  start  the  shutter  is  commanded  to  open  and  the 
mirror  begin  to  move.  One  process  delay  lead  to  structural  discontinuities,  the  minor  beginning  the  movement  before  laser 
starting.  An  earlier  shutter  opening  leads  to  supra-exposure  of  powders  at  laser  radiation  and  determines,  as  result, 
iinHpciTahift  mp.lting  powder  extension  in  scanning  start  point.  System  with  no  shutter  needs  a  high  scanning  speed  to  reduce 
the  radiation  influence  over  imsintered  powder  parts. 

The  fourth  process  in  the  laser  beam  delivery  system  is  the  laser  scanning  system.  The  scanning  system  is  the  key  of 
possibility  to  "drawing"  the  surface  piece.  The  scanner  configuration  for  SLS  consists  of  two  galvanometer-dnven  scanner 
mirrors  controlled  by  two  servo-controllers.  The  vector  position  commanded  by  computer  is  ftagmented  irto  inCTementd 
steps  and  is  used  to  generate  position  pofiles.  This  assures  the  beam  scanning  with  a  constant  speed.  The  ability  to  maintain 
a  constant  g<ranning  speed  along  the  scanned  surface  is  a  critical  matter  because  the  sintering  depenck  on  the  laser  i»wer 
density.  A  complex  research  gives  solutions  for  improving  the  geometric  accuracy;  to  reduce  tlw  staircase  effect  which  is 
chararteristic  of  layered  components  with  square  edges,  and  closely  matched  the  designed  surface'*. 

After  focusing  through  a  focusing  system,  aberrations  fi-ee,  the  laser  beam  is  lead  to  the  process  chamber.  The  sintering 
process  has  been  made  under  the  nitrogen  atmosphere.  The  gas  was  introduced  into  the  chamber  throu^  a  nozzle.  It's 
necessary  to  isolate  the  work  zone  because  of  the  way  that  atmospheric  oxygen  affects  the  inadiated  surface.  In  spite  the 
fact  that  the  oxides  resulted  by  irradiation  increase  raifiation-material  coupling  is  much  easier  to  control  the  process  with  no 
take  this  ones  into  account. 

The  was  made  through  successive  contours.  Important  parameters  are  overlapping  between  contours  due  to 

inhomogeneous  heating  in  laser  spot.  Scanning  mirrors  programming  command  was  taken  into  account  the  shape  of 
surfaces  in  according  with  the  sizes  of  the  objects  obtained  and  the  mirrors  rotating  angles  with  respect  with  focusing 
system. 

In  order  to  obtain  optimal  sintering  jnocesses  parameters  in  the  command  program  of  scanning  system  was  mcluded  the 
possibility  to  vary  the  overlaRiing  passes  ctegree  and  the  scanning  speed  of  sintering  for  a  seMed  spot  laser  size  and  the 
choice  the  maviinai  mirrors  rotating  angle.  Process  parameters  were  resulted  from  the  correlation  between  there  ones  and 
power  laser  density.  The  reaiming  speed  was  determined  by  ratio  between  two  successive  mirror  movements'  distance  and 
the  timp.  allocated  for  that  This  last  one  can  be  defined  as  a  ratio  between  computer  measured  time  necessary  to  describe  the 
surface  and  the  niunber  of  stqjs  necessary  to  fill  the  chosen  surface,  respectively.  That  number  of  steps  depends  of  the 
surface  sizes,  number  of  contours,  overlapping  passes  degree  and  laser  spot  size. 

4.  RESULTS  AND  DISSCUSIONS 

Parameters  like  laser  working  regime,  power  density,  scanning  speed,  overlapping  passes  degree  is  decisive  for  samt^e 
density.  Those  parameters  depend  on  each  other  and  its  must  be  properly  adjusted.  Though  for  a  power  laser  and  a  scanning 
speed  known  the  fhicknpsR  and  the  depth  of  the  melting  pool  have  values  that  must  be  correlate  with  overlapimg  passes 
degree  and  laser  spot  size. 

TTie  layer  t^|i<^^mp^!«!  can  be  varying  in  order  to  find  the  optimal  ftiickness  value.  It  depends  on  the  sintering  depth  correlate 
with  laser  power  and  laser  spot  size  for  a  matched  scanning  speed.  To  do  this  it's  need  that  the  powder  component  prticles 
have  well  known  diameter.  First,  it  must  take  into  account  the  optical,  thermal  and  mechanical  characters  of  i^erial  used 
such  as  material  absorbtivity  at  laser  wavelength,  melting  point,  thermal  conductivity,  density,  thermal  difusivity,  sintering 
depth  under  an  irradiation  time  established. 

The  quality  of  parts  obtained  by  SLS,  a  major  advantage  of  the  SLS  process  depends  heavily  upon  the  abiUty  to  build 
amirate,  high  quality  parts  on  a  repeatable  basis.  The  accuracy  of  the  sintered  surface  was  obtained  by  measuring  the 
thicknp^g  of  the  sintered  zone  at  one  laser  scaiming  contour  on  toe  powder  bed  at  laser  power  density  and  scanmng  speed 
settled.  It  was  established  that  the  laser  spot  size  must  be  2-3  times  higher  than  the  powder  particle  size.  The  layer  thickness 
was  comparable  with  the  powder  particle  size.  It  was  necessary  to  establish  a  proper  layer  thickness  to  achieve  a 
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linkage  between  layers  due  to  enough  laser  energy.  Level  of  the  laser  power  determines  the  severity  of  temperature 
gradients,  which  introduce  deviation  due  to  thermal  modes  on  parts.  As  a  result,  the  laser  power  is  a  significant  contributor 
at  the  sintering  depth  and  the  surface  quality.  The  diagrams  from  Fig.  2,  3  present  the  dependencies  between  these 
parameters  versus  laser  density  powder  at  different  focusing  distances  and  at  two  chosen  scanning  speed  programming 
settled.  The  graphics  from  below  was  raised  at  the  same  laser  powers,  only  the  focusing  distance  being  changed. 


Fig.  2:  Sintering  width  vs.  laser  power  density  for  different  sintering  scanning  speeds. 

These  diagrams  conclude  that  at  lower  scanning  speed  the  sintering  zone  widths  are  increased.  These  values  were 
introduced  in  scanning  program  for  to  raise  accuracy  of  parts. 


Fig.  3:  Sintering  depth  vs.  laser  power  density  for  different 
scanning  speeds. 


The  conclusion  result  from  this  diagrams  is  that  thickness 
layer  must  be  chosen  lower  than  300  ^m  for  to  remain  an 
amount  of  laser  energy  to  heat  in  volume  for  assure  the 
linkage  between  layers.  As  it  was  expected  the  sintering 
depth  is  lower  at  hi^  scanning  speeds. 

Both  the  accuracy  and  the  surface  finish  of  parts  are 
degraded  as  layer  thickness  increases.  The  choice  of  layer 
thickness  is  a  compromise  between  built  time  and  accuracy. 
From  the  stainless  steel  powder,  finally,  the  objeas 
accomplished  was  very  accurate  (dimensional  tolerances  was 
about  0.2-0.4  mm).  A  serious  problem  whose  solution  was 
actively  research  was  the  appearance  of  shrinkage  on  every 
layer  after  laser  scanning.  The  pieces  obtained  in  this 
experiment  have  been  with  a  shrinkage  degree  on  hei^t 
10  percent,  in  the  case  that  the  thickness  layer  was  about 
lOOjxm. 


Fig.  4:  Heat  affected  zone  width  vs.  laser  power  density  for  different  scanning  speeds. 
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The  shrinkage  degree  values  are  reproducible  at  the  parts,  which  are  created  in  the  same  conditions,  with  the  same  process 
parameters.  To  prove  this  was  made  few  copies  in  the  same  process  conditions.  The  sizes  between  programming  object  md 
the  object  produced  by  SLS  result  from  errors  in  scanning  mirrors  movements  in  accord  with  commands  and  errors  provide 
by  the  values  of  some  measured  parameters  included  into  calculations  from  the  command  scaiming  program. 

As  it  mentioned  before,  it's  necessary  to  isolate  the  work  zone  from  the  atmospheric  oxygen  to  avoid  oxide  creation,  the 
main  factor,  which  jxovoke  the  heat  affected  zone.  To  justify  this  statement  it  is  iffesented  the  thickness  heat  affected  zone 
measured  at  a  single  pass  of  laser  beam  over  the  powder  bed  with  a  settled  scanning  speed  with  respect  to  laser  density 
power  in  the  case  of  the  woric  with  or  without  nitrogen  atmosphere  (Fig.  4,  5)  As  it  was  observed,  in  nitrogen  atmosphere, 
the  heat  affected  zone,  and  the  oxi(te  zone  are  more  reduced  and  here  the  woric  conditions  not  interfere  at  all. 

As  it  was  ejqiected  the  heat  affected  zone  width  rapidly  increases  with  increasing  of  laser  energy  amount  on  length  unit 
given  by  the  scanning  speed  variation. 


Fig.  5;  Sintering  zone  width,  sintering  depth  and  heat  affected  zone  width  vs.  laser  power  density,  for  different  scanning  speeds. 

Tbe  SLS  process  was  applied  in  nitrogen  atmosphere 

Despite  of  the  fact  that  the  radiation-material  coupling  is  higher  in  the  case  of  work  in  nitrogen  atmosphere,  the  sintering 
width  and  the  sintering  depth  is  decreased.  The  heat  affected  zone  width  is  much  lower  in  this  case  in  comparison  with  work 
in  free  atmosphere.  An  important  problem  for  multiide  layer  sintering  is  induced  stresses.  They  change  the  form  of  the 
future  volume  model  and  don't  allow  deposing  uniform  layer  by  layer  on  the  sintering  surface.  The  photos  below  prove  this 
statement.  Fig.6  -  a,  b  represents  objects  where  multiple  stresses  appeared.  The  layers  are  not  enough  bonded.  In  conqiarison 
Fig.  6.  -  c,  d  shows  objects  built  vp  at  the  optimal  parameters.  The  stresses  is  more  reduced. 

In  addition  ^jpear  a  new  problem,  specific  in  SLS  process.  The  curling  phenomenon  appear  after  solidification  due  to 
solidification  mechanisms  and  due  to  induced  stresses,  and  especially  due  to  the  difference  between  the  energy  amount 
given  to  center  in  compare  with  edges,  caused  by  defocusing  throu^  laser  beam  tilting.  This  fact  imphes  limitation  in 
surface  scanned  sizes  b^use  defocusing  rise  with  center  departure. 
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The  Vickers  hardness  was  evaluated  and  in  comparison  with  conventionally  processed  material.  Data  obtained  was  showed 
a  new  material.  At  metalographic  microscope  it  was  observed  structural  modification  specific  to  annealed  iron  (Table  1).  In 
the  first  case  presented  in  this  table  it  have  been  observed  changing  in  Vickers  hardness  values  due  to  appearance  of  the 
gray  zones  with  higher  hardness. 


Tab.  1.  Vickers  hardness  values  for  parts  obtained  by  SLS 


Particle  size 
(urn) 

Layer 

thiclmess 

(tun) 

Laser  power 
density 
(W/cm^) 

Overlapping 
passes  degree 

Scanning 

speed 

(mm/s) 

Vickers  hardness 
HVO.l 

S200 

200 

91.83*10^ 

30% 

0.5 

230 

^00 

200 

91.83*10^ 

30% 

1 

120 

The  tensile  strength  analyses  was  made.  The  results  indicated  that  the  tensile  strength  specification  was  nearly  with  the 
conventionally  processed  material.  That  depends  on  the  choice  of  the  involved  parameters. 


e. 


Kg.  6.  Objects  obtained  by  selective  laser  sintering  of  iron  cast  powder.  Process  parameters:  Dp  =  75  x  10^  W/cm^,  G 
=  50  %,  vsc  =  1  mm/s  (a);  Dp  =  100  x  10^  W/cm^  G  =  70  %,  Vsc  =  1  mm/s  (b);  Dp  =  100  x  10^  Wcm\  G  =  30  %,  Vsc  =  1 
mm/s  (c);  Dp  =  100  x  10^  W/cm^,  G  =  30  %,  Vsc  =  0.5  mm/s  (d)  where  Dp  is  laser  power  density,  G  is  overlapping  passes 
degree  and  Vsc  is  scanning  speed. 
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4.  CONCLUSIONS 


The  studies  were  showed  that  SLS  depends  on  a  lot  of  technical  parameters,  which  are  specific  to  the  objects  achieved.  By 
using  an  adequate  scanning  program  for  surface  description,  it  was  obtained  pieces  from  stainless  steel  with  sharp  edges. 
The  experiments  was  performed  with  a  Nd:  YAG  laser  working  in  CW  regime  and  a  level  power  used  was  no  hi^er  than 
20  W.  Depending  on  the  desired  sintering  contour  design  a  2D  scanner  system  and  a  process  computer  control  were  used.  A 
powder  delivery  system  assures  a  homogenous  and  uniform  powder  layer.  Laser  paranieters  (working  regirne,  power 
density,  laser  spot  size)  and  process  parameters  (scanner  speed,  powder  particle  size,  layer  thickness)  were  varied  in  order  to 
obtain  the  optimal  processing  parameters  which  assure  a  satirfactory  tensile  strength  of  sintered  pieces.  The  processing 
parameters  were  properly  at^usted  to  avoid  differences  in  heat  conduction  that  lead  to  a  narrower  heat  affected  zones  and 
melting  out  of  the  edges.  It  was  established  a  optimal  power  laser  up  to  20  W,  a  laser  spot  size  2-3  times  the  average 
powder  particle,  an  overlaRMng  degree  between  beam  laser  passes  up  to  30  percent  at  1,5  mm/s  scanning  speed. 

The  parts  obtained  had  a  porous  structure  with  aspect  of  grained  texture,  appreciable  ftacture  toughness  at  first.  By  using 
powders  with  smaller  particles  size  the  part  aspect  have  been  improved. 


The  optimal  parameters  is  obtained  by  a  compromise  in  order  to  obtaining  parts  with  decreased  porosity,  decreased  sur&ce 
rou^ess,  hi^er  hardness  and  tensile  strengtih  decreased.  As  a  result  of  this  compromise  the  overlapping  passes  degree  was 
settled  <  30  %,  laser  power  density  level  was  established  higher  than  lO"*  W/cm^  at  scanning  (tegree  by  0.5  mm/s.  Increasing 
of  the  laser  power  density  lead  to  structural  modifications  which  determine  the  beginning  of  annealing. 

The  major  advantage  of  SLS  technique  remains  the  possibility  to  build  up  3D  objects  fieeform  from  powders.  The  jAotos 
from  Fig.  6-e  illustrate  this  advantage. 
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Abstract 


This  paper  addresses  the  equations  necessary  to  evaluate  the  required  sampling 
frequency  as  a  function  of  the  ratio  of  amplitudes  between  the  clock  frequencies  and  the 
frequencies  that  are  modulated  onto  the  respective  clock  frequencies.  A  key  ingredient  that 
is  also  involved  in  the  appropriate  selection  of  the  sampling  frequency  is  the  base  band 
noise  level  that  is  indicate  for  each  of  the  channels  that  are  provided  in  the  protocol  from 
the  information  providers.  By  using  the  techniques  associated  with  thermal  signature  and 
imaging  processing,  one  is  able  to  use  a  multiplicity  of  Fast  Fourier  Transforms  to  subtract 
out  images  from  background  and  noise  and  to  recreate  the  image  in  a  clean  and  noise  free 
environment.  In  so  doing  one  is  able  to  maintain  the  image  without  subjection  to  outside 
disturbance  or  distress. 


Introduction 


As  I  have  indicated  in  my  paper,  Verisimilitude-Homodyne  Laser  Transmitter  - 
Receiver,  this  laser  transmitter  and  receiver  will  have  the  ability  to  transmit  and  receive 
approximately  16  thousand  channels,  as  presently  organized.  This  amounts  to  approximately 
100  GHz  of  modulation  capability  required.  However,  there  is  yet  an  additional  set  of 
problems  that  need  to  be  addressed,  viz.,  even  if  one  is  able  to  have  a  bandwidth  of  100  GHz, 
how  does  one  select  the  appropriate  Sampling  Frequency?  This  paper  addresses  the  equations 
necessary  to  evaluate  the  required  sampling  frequency  as  a  function  of  the  ratio  of  amplitudes 
between  the  clock  frequencies  and  the  frequencies  that  are  modulated  onto  the  respective 
clock  frequencies.  A  key  ingredient  that  is  also  involved  in  (he  appropriate  selection  of  the 
san:q)ling  frequency  is  the  base  band  noise  level  that  is  indicated  for  each  of  the  channels  that 
are  provided  in  the  protocol  from  the  information  providers. 


Basic  Concept 


At  the  risk  of  repeating  myself,  I  need  to  refresh  the  reader  as  to  some  of  what  I  have 
said  in  the  paper,  Verisimilitude-Homodyne  Ixiser  Transmitter-Receiver.  Again,  I  need  to 
begin  with  a  bit  of  history.  In  the  early  part  of  this  century  it  was  not  uncommon  to  talk  to 
people  that  would  build  a  crystal  set  in  order  to  tune  their  new  fangled  radios.  Even  the  term 
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“tuning  to”  a  certain  frequency  to  receive  one’s  radio  broadcast  channel  is  riven  with 
meaning.  Tmly,  these  people  were  tuning  to  the  frequency  of  their  crystal  oscillator.  In  like 
fashion,  we  will  be  tuning  into  the  clock  frequencies  that  contain  the  information  that  is  to  be 
transported.  In  order  to  accomplish  this  task,  one  must  be  able  to  sort  the  various  clock 
frequencies  from  one  another  and,  then,  to  be  able  to  recover  the  information  from  the 
modulated  signal  off  of  the  clock  frequencies. 

As  it  happens,  there  are  some  correlative  techniques  that  are  used  in  image  analysis 
and  scanning  technology  that  apply  directly  to  the  problem  at  hand.  The  first  correlation 
relates  to  Reticle  Modulation.  And  so  we  begin.  A  reticle  system  is  essentially  a  mask  or 
pattern  placed  in  the  image  plane  of  an  optical  system.  The  transmission  of  this  mask  varies 
spatially.  In  most  cases  the  mask  transmits  certain  portions  of  the  image  scene  and 
completely  blocks  other  portions  of  the  scene.  The  radiation  from  the  transmitted  portions  is 
focused  upon  the  detector.  The  detector  output  is  assumed  proportional  to  the  total  incident 
radiation.  The  reticle  mask  may  be  moved  in  the  image  plane,  the  imaged  scene  may  be 
moved  over  a  fixed  reticle  mask,  or  both. 

The  reticle  mask  in  scene  coordinates  is  specified  by  a  real  valued  function  r(x,'t). 
The  function  r(x,x)  specifies  the  transmission  coefficient  for  the  intensity  of  the  image  scene 
point  X  and  time  x.  The  radiation  distribution  of  the  image  scene,  in  scene  coordinates  is 
represented  by  a  real  valued  function  s(x).  Since  the  transmitted  fluxes  are  integrated,  the 

[ll.[2],[3] 

output  v(x)  from  a  reticle  system  is  , 

r 

v(x)  =  J  r(x,x)  s(x)  dx 


Consequently,  the  scene  s(x)  is  encoded  into  a  temporal  signal,  v(x),  by  a  reticle 
system.  Eq.  (1)  is  &  general  model  for  a  reticle  system. 

The  assumption  of  periodicity  is  shown  is  Eq.  (2)  and  does  not  restrict  the  class  to  a 
realizable  reticle  system.  Since  we  are  dealing  with  a  circular  aperture  for  our  purpose,  we 

[4] 

will  be  using  polar  coordinates. 


r(x,x) 


=  r(  x,x  +  ■ 


) 


The  optimal  scanning  aperture  is  the  two  dimensional  counteipart  of  the  matched 
filter  of  electronics.  Tliis  result  supports  the  filing  that  a  seining  apertore  should 
essentially  be  matched  to  the  target  shape  but  modified  by  the  spatial  characteristics  of  the 

I41.[5],[6] 

background.  If  the  target  is  assumed  to  be  a  Gaussian  pulse, 

,xiVx2^s 

“''"TF"' 


(xi,X2)  =  a  e 


where; 


(00  =  Fundamental  frequency  = 

a  =  Peak  radiance  of  Gaussian  pulse 
b  =  Second  moment  of  radiance  density  of  Gaussian  pulse 

p  =‘\]2{l.22(N.A.)X  }  (0.1743533)  .cm 

(Note;  The  central  lobe  carries  84%  of  the  total  flux 
density.  The  remainder  is  contained  in  the  outer  lobes.) 
N.  A.  =  Numerical  Aperture 
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_  Focal  Length 
“  Diameter  of  Optic 
X  =  Wavelength,  cm 


The  Wiener  spectrum  of  the  background  is  given  by, 
b 


[4].[51,[6] 


Wb(ki,k2) 


ki^  +  k2^ 


The  optimal  scanning  aperture  is  given  by. 


[4].[5],[6] 


a(p) 


(4) 


(5) 


If  the  aperture  is  defined  so  that  the  center  of  pattern  is  pointed  in  turn  at  every  scene 
point  (x),  the  function  g[x(T)]  may  be  considered  as  a  filtered  version  of  the  original  imaged 
scene  s(x). 


The  Weiner  spectrum,  Wg(k),  of  g(x)  is  given  by. 


[4],[5].[6] 


where; 


Wg(ki,k2)  =  IA(ki,k2)l  Ws(ki,k2) 


A(ki,k2)  =  Fourier  transform  of  a(x) 
Ws(ki,k2)  =  Weiner  spectrum  of  the  scene 


(6) 


For  our  problem,  it  is  interesting  to  note  that  this  formulation  of  the  scanning  aperture 
model  penults  ^  optimization  of  the  scanning  aperture.  Most  important  is  the  criterion  of 
optimization  which  is  the  maximization  of  the  ratio  of  instantaneous  target  signal  squared  to 
the  mean  squared  background  signal,  that  is,  the  maximization  of 

/.  (7) 

ij  A*(^T(^d^^ 

J  lA(ai^  Wb(^  d^ 

where; 

A*(^  =  Aperture  Fourier  transform 

T(^  =  Target  Fourier  transform 

W5(^  =  Weiner  spectrum  of  the  background 


Using,  then,  the  Schwarz  inequality,  one  finds  the  aperture,  A*(^  ,  which  maximizes 
the  ratio. 


ij  g(a:)  s(}d  ^  J  dac  1 


2 

s  (t)  d;ic 


(8) 


The  upper  bound  is  obtained  when  g(x)  =  s(x)  and  is  written. 


(9) 


IA(jOI^  Wb(^  di 


■  2  fli© 

IA(iOI  Wb(^  dO  Wb(^ 

_ M - — - — - - 

J  IA(^1^  Wb(^  d^ 


,•  2  , 

fT 

=  J  Wb(^d^ 


The  reticle  and  its  motion  are  completely  specified  by  (Oq  and  the  set  The 

harmonics  of  (Oq  are  the  carrier  frequencies  and  Pm('t).  the  modulation  placed  upon  the  mth 
harmonic  by  the  interaction  of  scene  and  reticle  patterns. 

Using  the  Parseval  relation  and  the  convolution  theorem,  one  may  write, 


Pm(t)  — 


Ain*(^  S’(^  d^ 


where  Ain*(iO  =  the  conjugate  of  the  Fourier  transform  of  ain(x)  and  , 


oo 

5’(a  =Js’ 


ildOii-O  di' 


The  transform  of  a  circular  aperture  of  radius  (a)  is  found  from. 


A*(^ 


=  A(ki,k2) 


2  n  a'\/ki2  +  k72 
Vki2  +  k2^ 


where; 


J 1  =  is  a  Bessel  function  of  the  first  order 


At  this  point  we  can  look  at  the  analytical  model  for  the  amplitude  modulation  of  the 
intensity  of  a  point  source  in  order  to  evaluate  the  maximum  and  minimum  of  the  amplitude 
ratios  of  the  scene  and  background  that  would  appear  to  the  sensor.  The  delta  function 

0  “  Dtp 

representation  for  a  point  source  in  polar  coordinates  18  q  provides  a  modulation 
[9],[10],[11],[12] 

from, 


-{i  (2k+l)re  8)  -(» Or) 

1  ((PtXPt  ^ _ ; 


(2lc+I)p  -(i(2k+l)pT<Do) 

b)  )  . 


{2k+l)  _  2b  pj  cos  0j 


This  is  the  amplitude  modulation  of  the  carrier,  (Dq 
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We  now  have  the  amplitude  modulation  and  the  ratio  of  background  to  scene  systems 
evaluated.  We  very  often  hear  of  the  Nyquist  sampling  frequency  as  the  time  bandwidth 
product.  Additionally,  the  Gaussian-pulse  signal  provides  the  minimum  time  bandwidth 
[13].[14],[15] 

product.  Effectively,  the  argument  goes,  that  the  minimum  sampling  frequency 

[131,[14],[15] 

must  be, 

(14) 

t<M 


where; 


B  =  The  highest  bandwidth  to  be  sampled 


However,  this  is  less  than  accurate  when  dealing  with  an  optical  or  electro-optical 
system.  Based  upon  the  work  and  equations  shown  above,  it  follows  that  the  sampling 
frequency  follows  the  requirement  for  that  of  an  optical  system  that  must  have  a  suitable 
Modulation  Transfer  Function.  Based  on  the  foregoing  equations  I  can  build  a  mathematical 
relationship  for  the  Refraction  Synchronization  Transmission  technique  that  is  to  be  used  in 
the  Transmitter-Receiver  that  is  composed  of  the  Refraction  Synchronization  technology. 

Based  upon  the  foregoing  equations  and  experimental  data  taken  by  the  author,^^^^’^'^^’^^^^ 
we  can  build  a  mathematical  relationship  between  the  optical  Modulation  Transfer  Function, 
which  provides  for  a  suitable  contrast  ratio  and  brightness  to  provide  the  resolution  of  line 
pairs  with  optical  components  that  meet  the  Rayleigh  criteria,  and  the  sampling  frequency  as  a 
function  of  the  ratioed  amplitudes  of  the  Clock  frequency  and  the  Modulated  frequency. 
Based  upon  these  ratios  we  find  the  Sampling  Modulation  Transfer  Function, 

(15) 


)<i.o 


i-Osample 


4  {-'(j 


where; 


A  =  Modulated  frequency  amplitude 

Ao  =  Clock  frequency  amplitude 

8  7C  8  A 

j.  _  Baseband  noise  amplitude 


For  the  case  where  there  is  a  noise  level  involved  as  a  baseband  Eq.  (15)  is  modified 
according  to, 

(16) 


fosample  -  {cos  )  -  {  (—  )  \l  [1.0-  (-^ 


2  Ji  (M) 


*{1.0 -(^  )}} 


The  sampling  frequency  = 


l-Osample 


The  following  is  a  graph  that  reflects  the  amplitude  ratio  and  the  sampling  frequency 
as  a  function  of  this  ratio. 
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Inv.  Sampling  Frequency  vs.  Signal/Clock  Amplitude  Ratio 
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Signal/Clock  Amplitude  Ratio  (A/AO) 
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ABSTRACT 

A  new  application  of  glass  surface  treatment  is  pesented  here.  Fine  polishing  of  optical  fiber  end,  core/cladding  surface,  is 
performed.  A  small  power  monomode  longitudinal  10  W  cw  CO2  laser  is  used.  A  decrease  of  the  roughness  from  about  5 
microns  to  hundreds  of  nanometres  was  achieved.  The  microstructure  of  the  surfaces  has  been  studied  using  atomic  force 
microscopy,  ^^lications  of  polished  fiber  surfaces  are  given. 

Keywords:  laser,  material  iwocessing,  optical  fibers,  atomic  force  microscopy 

1.  INTRODUCTION 

Laser  processing  of  glass  surfaces  as  cutting,  etching,  polishing  and  forming  of  microstructures  is  a  wide  field  of 
applications.  The  radiation  of  CO2  laser  is  strongly  absorbed  in  silicate  glasses  and  it  is  converted  to  thermal  energy.  If  the 
ten^rature  is  carefully  monitored  hi^  thermal  stress  are  avoided.  (Hass  surface  treatment  has  been  already  intensively 
studied'.  A  new  application  of  glass  treatment  is  presented  here.  It  consists  of  the  polishing  of  optical  fiber  end  by  using  a 
small  power  CC)2  laser. 

The  optical  fiber  is  a  dielectric  waveguitte  that  proceeds  in  optical  frequencies.  This  fiber  is  usually  cylindrical  in  form.  It 
confiiies  energy  in  the  form  of  electromagnetic  waves  in  its  surfaces  and  guides  the  light  parallel  to  its  axes.  The  structure 
establish^  the  informadon-cartying  capacity  of  the  fiber  and  influences  the  response  of  the  waveguide  to  environmental 
peipil^ons.  Optical  fibers  in  commercial  use  consist  of  a  solid  dielectric  cylinder  (core),  which  is  surrounded  by  another 
solid  dielectric  cylinder  (cladding)  that  has  a  slightly  smaller  refractive  index  than  the  core.  Moreover,  these  two  structures 
are  encapsulated  in  an  elastic,  abrasion  resistant  plastic  material  that  is  a  polymer  epoxy  acrylate.  The  fibers  used  in 
commercial  plications  are  made  of  glass  that  consists  of  silica  (SiCb)  or  a  silicate.  The  largest  category  of  optically 
transparent  glasses  from  that  optical  fibers  are  made  consists  of  the  oxide  glasses,  and  of  these  the  most  common  is  silica 
that  has  a  refractive  index  of  1.458  for  850  nm.  Furthermore,  to  produce  two  similar  matfiriaiR  that  have  slightly  different 
inttex  of  refii^on  for  the  core  and  the  cladding,  fluorine  or  different  oxide  such  as  B2  O^,  Ge02,  P2O5  are  added  to  the 
s^ca.  The  principal  raw  material  for  silica  is  sand.  Glass  composed  of  pure  silica  is  referred  to  silica  glass,  fused  silica,  or 
vit^us  silica.  Some  of  its  important  properties  are  a  resistance  to  deformation  for  high  tenqterature  (1000  °C),  a  high 
resistance  to  breakage  from  thermal  effects  due  to  its  low  thermal  e^qiansion,  good  chemical  durability,  gnH  high 
transparency  in  the  visible  and  mfrared  regions  for  fiber  optic  communication  tystems^. 

In  our  experiment,  single-mode  fibers  with  a  core/cladding  diameter  of  8/125  pm  are  used.  The  polishing  of  the  end  surface 
of  the  optical  fiber,  such  that  the  sur&ce  of  the  core/cladding  region  can  be  useful  in  the  applications  with  connectors, 
particulariy  with  the  FC/rc  type  connectors. 

Demountable  connectors  are  used  to  connect  fibers  to  the  terminal  equiisnent  Sources  and  detectors  are  bonded 
permanently  to  a  short  length  of  fiber  (pgtail).  This  usually  connects  to  a  standard,  bulkhead,  fiber  to  fiber  connector 
mounted  on  the  output  panel  of  the  device,  into  that  the  main  fiber  link  can  be  plugged.  Such  a  tystem  permits  different 
umts  and  components  to  be  tested  separately  and,  if  required,  can  be  replaced.  Cormector  performance  varies  with  the 
precision  of  the  mechanical  location  of  the  fiber,  angular  alignment,  and  end  separation.  When  one  of  these  (or  all)  occurs, 
such  that  a  rnisalignmem  between  the  two  fiber’s  core  to  core  haRjens,  than  an  optical  loss  results,  since  there  is  a 
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redistribution  of  power  among  the  modes  for  a  mismatched  connector.  The  optical  losses  can  be  given  as  the  effects  of 
mismatch  in  the  mode  field  diameters,  the  effects  of  misalignment,  and  the  Fresnel  reflection  l(Kses  for  the  fiber  end  faces. 
The  most  common  connectors  in  commercial  use  are  the  FC,  HMS-10,  PC,  D4,  Sh^  DlN,  ST,  and  Biconic.  In  the 
connector,  the  most  important  component  is  the  ferrule,  since  it  holds  the  fiber  and  j^ovides  the  alignment  positionmg.  It  is 
made  fi'om  metallic  or  ceramic  material,  and  has  usually  a  diameter  of  2.5  mm.  The  glass  fiber  with  its  125  (hamper  is 
centered  in  the  ferrule  and  it  exits  on  the  end  face,  in  that  the  holding  material  and  fiber  are  together  mwhamt^ly  polished 
to  achieve  a  smooth  endface.  The  differences  in  connector  ^pes  are  due  to  the  differences  in  the  mechamcal  parr. 

The  PC  ^ysical  contact)  connector  is  polished  by  a  flexible  polishing  disc,  such  that  the  total  endface,  including  the  glass- 
fiber  tip,  ends  with  a  slight  convex  shape.  This  sUght  rounding  (using  radius  of  25  mm)  brings  the  fiber  up  to  as  the  highest 
point  on  the  endface  and  results  in  ^ass  to  glass  connection,  as  can  be  see  in  Fig.  1. 


When  the  fiber  and  ferrule  are  sustained  in  the  same  surface  and  the  surfaces  of  the  two  glass  fibers  ^  clean  then  the  glass 
to  glass  connection  removes  the  air  gap  induced  reflections  (Fresnel  reflections)  and  the  return  loss  is  improved  by  sever^ 
dB.  The  FC/PC,  ST,  SC,  APC,  and  DIN  are  ph3rsically  contacting  connectors  that  use  the  same  2.5  mm  diameter  ferrule  and 
ferrule  construction  style.  The  differences  between  these  cormectors  are  in  the  mechmc^  holding  system  that  holds  the 
ferrule  Since  ajylicatinns  get  more  demanding  of  lower  reflections,  this  PC  contact  is  imiffoved  by  better  polishing  the 
glass  surface,  because  a  smoother  surfece  results  in  a  better  glass  contact,  and  hence  a  lower  reflection  loss.  We  conadered 
that  die  use  of  a  CO2  laser  may  lead  to  a  better  polishing  effect  of  the  two  glass  surfaces.  If  the  surfece  of  the  gla®  is 
analysed  in  the  micron  scale,  then  it  can  be  seen  that  hills  and  valleys  with  hei^t  of  300  nanometres  till  1  micron  constitute 
the  surface,  as  it  can  be  seen  in  the  Fig.  2. 


Fig.  2  Glass  surface  of  the  core/cladding  region 

It  is  known  that  using  different  laser  sources  (varying  with  the  material  to  be  polished)  can  poli^  such  rough  ^ac^ 
(particulariy,  thin  films).  When  such  a  polishing  effect  is  accomplished  onto  glass  surfaces,  then  a  highly  smooth  surfece  is 
achieved,  ai^  hence  a  veiy  precise  contact  between  the  two  glass  surfaces  results. 

For  a  fiber  optic  communication  application,  such  polished  connectors  are  very  important  when  the  OTOR  (optical  time- 
domain  reflectometer  which  measures  measures  round  trip  losses)  is  used.  The  measured  response  exhibits  three  types  of 
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features,  such  that  straight  lines  caused  l^r  Rayleigh  backscattering,  positive  spikes  caused  by  discrete  reflections,  and  steps 
that  can  be  positive  or  negative  that  varies  with  the  (Aysical  fiber  properties.  When  such  a  measurement  is  done,  then  the 
first  peak  that  can  be  seen  on  an  OTOR  trace  is  the  reflection  of  the  firont  coimector  that  mates  the  OTDR  to  the  fiter.  Since 
this  reflection  covers  the  near-end  measurement  region,  it  is  not  a  wanted  result,  because  it  hides  information  on  the  fiber. 
Hierefore,  a  clean,  hi^  quality  cormector  with  a  smooth  surface  and  low  reflectance  is  necessary  to  achieve  good  results. 

Structure  modifications  of  the  irradiated  material  are  studied  using  both  ordinary  optical  microscopy  and  atomic  force 
microscopy  (AFM).  AFM  has  become  the  most  popular  type  of  microscopy  using  a  probe  mounted  on  a  very  small  sping 
cantilever.  \^en  flie  probe  is  scanned  across  the  sample,  the  force  between  the  probe  tip  and  sample  changes  as  the  surface 
features  encountered,  causing  the  sping  cantilever  to  deflect.  In  order  to  obtain  the  magnitude  of  the  hei^t  disfdacement,  a 
laser  and  four-quadrant  detector  are  used  to  detect  the  motion  of  qring  cantilever  and  povide  a  feedback  signal  as  it  is 
scanned  across  the  sample. 


2.  EXPERIMENTAL  SET-UP 

A  longitudml  small  power  10  W  CO2  laser  is  used'*.  The  laser  was  designed  to  deliver  a  monomode  beam.  The  divergence 
of  the  beam  was  about  0.7  mrad  In  addition  to  the  good  uniformity  of  the  beam,  the  laser  beam  was  spatially  filtered  to 
increase  the  beam  uniformity.  The  beam  was  focused  by  means  of  a  20  cm  focal  length  ZnSe  lens.  The  time  duration  of  the 
laser  e^qxrsure  was  optimist  in  the  range  of  several  seconds.  The  samples  were  glued  oPo  a  special  holder.  As  it  is  usual  in 
fiber  optics  technology,  the  samples  were  mechanically  polished  (we  call  this  pocedure  pre-polishing)  before  irradiation 
using  5  microns  diameter  alumina  powder.  The  optical  fibers  we  have  irradiated  consist  of  8  |xm  diameter  core  and  125 
pm  diameter  cladding.  Moreover,  the  plastic  coating  (epoxy  acrylate)  is  removed  from  the  fiber,  so  that  just  the  end-sur&ce 
of  the  core/cladding  material  is  irradiated  Ity  the  laser  (the  fiber  materials  were  supplied  by  the  Turk  Telekom  AS.  and  the 
fiber  samples  were  pepared  in  the  Turk  Telekom  AS.,  R&D  Center). 


Fig.  3  Experimental  set-up 
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3,  RESULTS 


The  surfaces  of  the  sample  were  photographed  both  before  and  after  irradiation.  The  image  of  the  optic^  fiber  end  was 
taken  by  means  of  an  Leitz  optical  microscope  and  an  TopoMetrix  atomic  force  microscope.  The  optical  microscope  image 
was  lead  to  a  computer  connected  CCD  camera. 


Fig.  4  Optical  microscope  picture 
of  the  optical  fiber  end,  before  irradiation 
(mechanically  cut,  no  pre-polishing, 

X  3.5magnification) 


Fig.  5  Optical  microscope  jnctuie 
of  the  optical  fiber  end,  before  irradiation 
(mechanically  cut,  5  pm  alumina  powder 
pre-polishing,  x  3.5  magnification) 


Fig.  5  Optical  microscope  picture 
of  the  optical  fiber  end,  before  irradiation 
(mechanically  cut,  5  pm  alumina  powder 
pre-polished,  x  10  magnification) 


Fig.  6  Optical  microscope  picture 
of  the  optical  fiber  end,  after  irradiation 
(x  10  magnification) 


In  Fig.  6  it  is  observed  that  the  core-cladding  surface  looks  much  smoother.  This  region  was  deeply  investigated  by  means 
of  an  atomic  force  microscope  and  the  results  are  given  in  Figs.  7  and  8. 
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Fig.  7  Atomic  force  microscope  pictuie  of  the  sample,  before  irradiation 


Fig.  8  Atomic  force  microscope  picture  of  the  sample,  after  irradiation 

It  be  ^ly  seen  from  the  atomic  force  microscope  picture  how  the  hills  are  melted  and  dis^jpeaied  after  a  p-oper 
la^r  irta(fiation.  Furthermore,  the  plastic  coatings  around  the  core-cladding  structure  are  completely  evaporated  for  several 
millimeters  depth  along  the  fiber.  This  means  that  the  removal  of  the  jdastic  coating  might  be  achieved  the  same  timp  as  the 
polishing  is  paformed  Investigations  regarding  the  core-cladding  stracture  modifications  due  to  the  melting  of  the  plastic 
are  studied.  The  plastic  removal  is  exactly  what  a  much  more  expansive  laser,  the  excimer  laser,  is  doing  as  an  industrial 
method  to  eliminate  the  plastic  coatings  near  the  end  of  the  fiber  in  order  to  put  the  fiber  into  connectors. 
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In  mnr-tiirinn  the  usc  of  E  low  powct,  reliable  and  cheap  laser,  as  CO2  laser  is,  leads  to  a  hi^  quality  polishing  of  the 
oirtical  fibers  ends.  Hie  stu<fy  of  the  transmission  through  this  laser-polished  optical  fiber  is  now  our  aim. 
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ABSTRACT 

The  laser  ablation  is  one  of  the  best  ways  to  obtain  smooth  thin  film  deposited  on  various  substrates.  However,  to 
obtain  a  ‘droplets-free’  surface  some  special  experimental  setups  are  necessary.  One  of  them  is  the  ‘eclipse’  method,  using 
a  plane  shadow  mask.  Based  on  studies  on  the  plume  behavior  in  a  ‘standard’  deposition  and  in  a  plane  shadow  mask 
echpse  deposition,  we  propose  a  new  shadow  mask  having  an  hellicoidai  shape,  which  permit  to  obtain  a  better  film 
quahty  -  maximum  droplets  size  about  10  time  smaller  than  for  the  plane  shadow  mask.  The  plume  behavior  and  thin  film 
quality  are  presented  and  discussed. 

Keywords:  PLD,  film  quality,  shadow  mask,  plume  propagation. 


INTRODUCTION 


Many  and  various  methods  for  thin  film  deposition  have  been  developed.  For  some  particular  materials  (e.g. 
superconductors)  the  laser  ablation^’^  seems  to  be  the  one,  which  give  the  best  film  quality.  However,  for  some  particular 
technological  application  -  like  microelectronics  -  even  for  deposition  by  laser  ablation  some  special  techniques'*'^  have  to 
be  used  in  order  to  reduce  “big”  particle’s  size  and  number.  The  ‘eclipse’  method  using  a  plane  shadow  mask  is  one  of 
methods,  which  lead  to  a  better  film  quality.  By  using  such  a  plane  shadow  mask,  could  be  obtain  ‘droplets  fi:ee’  film  area 
on  film  surfece.  However,  the  ‘droplets’  does  not  disappear  completely.  In  order  to  try  to  decrease  more  the  droplets  size 
and  number,  we  analyzed  the  plume  behavior  in  a  ‘standard’  deposition  and  in  a  plane  shadow  mask  deposition. 


Measuring  the  plume  luminous  longitudinal 
movement  on  ‘x’  direction  (perpendicular  to  the 
target)  and  transversal  movement  on  ‘z’  direction 
(parallel  with  target)  we  obtained  the  data  presented  in 
Fig.  1  As  could  be  observed,  immediately  after  being 
expulsed  fi:om  the  target,  the  plume  particles  have  a 
speed  mainly  oriented  on  longitudinal  direction.  The 
longitudinal  (maximum)  speed  is  much  bigger  then 
transversal  (maximum)  one.  In  the  interval  1.5  ps  and 
3  ps  the  transversal  speed  is  still  bigger  but 
comparable  with  the  transversal  one.  After  3  ps  -  4  ps 
the  longitudinal  and  transversal  speed  is  about  same 
and  the  expansion  could  be  approximated  with  a 
spherical  one,  but  the  spe*ed  is  already  much  lower 
then  beginning. 
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Fig.  1.  Longitudinal  and  transversal  movement 
of  plume  luminous  front 
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Table  1 .  Main  system  parameters 


Fig.  2.  Experimental  setup  for  plane  shadow  mask. 


Wavelength 

1.064  pm 

LASER 

Energy 

200  mJ 

Density 

2  mJ/cm^ 

TARGET 

Material 

YBCO 

AMBIENT 

Composition 

O2 

GAS 

Pressure 

25  Pa 

SHADOW 

Diameter 

1  cm 

MASK 

Material 

Distance 

Cu 

from  target 

2  cm 

SUBSTRATE  Material 
Distance 

MgO 

from  target 

4  cm 

Disposing  an  obstacle  on  the  plume  trajectory  we  should  expect  for  first  interval  of  0.5  ps-  0.8  ps  (which  for  a  25 
Pa  ambient  pressure  should  correspond  to  a  0.7  cm  -  1.2  cm)  to  have  a  very  strong  reflection  of  plume  and  if  obstacle  is 
large  a  very  small  number  of  particle  should  go  around  it.  Also  if  the  plume  should  meet  the  obstacle  after  3-4  ps  (which 
should  mean  for  a  25  Pa  ambient  pressure  about  3  cm  distance  from  target)  the  particle  speed  being  to  low  the  interaction 
between  the  plume  and  obstacle  is  expected  to  do  not  go  around  the  plane  mask. 

In  Fig.  2  we  present  the  case  of  a  plane  shadow  mask  of  1  cm  diameter  disposed  at  2  cm  from  target. 


a)  T  ~  1  ps 


b)T'-  2ps 


c)T~4  ps 


Fig.3  Plume  behavior  with  plane  shadow  mask 
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In  plume  behavior  (Fig.  3)  we  can  distinguish  3 
zones.  First  one  (Fig.  3a)  till  1  -  1.5  cm  from  target  where  the 
plume  behavior  is  similar  with  the  ‘standard’  one.  The  plume 
does  not  “fill”  yet  any  influence  from  the  shadow  mask.  The 
interval  1,5  -  2.5  ps  is  the  time  interval  in  which  the  plume 
will  interact  with  the  shadow  mask  .  As  could  be  seen  from 
Fig.  3b  part  of  the  plume  will  reach  the  shadow  mask  surface 
and  will  be  deposited  or  reflected  back.  The  reflected  plume 
will  interact  with  the  incident  one  the  result  will  be  a  stronger 
lateral  expansion  of  the  plume  (Fig.  4)  This  expansion  will 
enlarge  the  transversal  size  of  the  plume,  and  will  increase 
the  number  of  particles  which  will  reach  the  (S)  plane  outside 
of  the  shadow  mask  zone,  that  means  will  pass  around  plane 
shadow  mask.  The  particles  that  reach  the  (S)  plane  outside 
of  the  shadow  mask  area  will  not  just  go  forward  due  to  the 
high  longitudinal  speed,  but,  due  to  the  interaction  among 
them  they  will  also  expand  in  transversal  direction,  covering 
the  zone  behind  the  shadow  mask. 


Time  (Ms) 


Fig.  4.  Plume  transversal  expansion. 


The  ablation  process  is  a  complex  phenomenon 
resulting  from  direct  and  indirect  interaction  of  laser 
radiation  with  target  material.  One  of  the  indirect  ablation 
processes  is  the  local  “explosion”  of  target  material  due  to  the 
hitting  by  absorption  of  laser  radiation.  This  process  is 
considered  to  be  one  of  the  most  important  for  expulsion  of 
big  clusters  from  target.  But  this  process  is  a  “slow”  one  and 
the  apparition  of  such  ‘big  particles’  is  considered  to  be  later 
than  the  initial  plume.  The  main  difference  between  the 
‘droplets’  and  small  particles  should  be  not  just  the  size,  but 
also  the  mass.  The  pliune  small  particles  could  be  assimilated 
to  behave  like  a  “fluid”  they  being  able  to  go  around  the 
shadow  mask,  but  ‘big’  droplets,  due  to  their  ‘big’  mass  will 


move  more  like  a  solid  coip.  The  ‘droplets’  movement 
(simplified  presented  in  Fig,  5.)  will  following  the  (a)  or  (b) 

tr^ectoiy^,  function  of  their  uutial  speed  orientation.  (Any  Fig.  5.  ‘Droplets’  movement 

other  external  forces  except  the  friction  one  is  considered  to  with  a  plane  shadow  mask, 

be  insignificant  -  including  the  gravitational  one,  due  to  the 

small  distance  between  target  and  substrate  and  high  initial  speed.).  However  some  droplets  could  be  expulsed  from  target 
together  with  the  initial  plume  and.  If  that  droplet  size  and  mass  is  “small  enough”,  the  pressure  of  small  particles,  it  could 
pushed  it  aroimd  the  shadow  mask  (c  trajectoiy).  The  fact 
that  such  a  trajectoiy  is  possible  and  what  exactly  means 
“small  enough”  could  be  observed  in  Fig.  6  where  we 
present  a  SEM  picture  of  a  substrate  deposited  using  such 
an  experimental  setup.  (The  main  system  parameters  are 
presented  in  Table  1)  We  chosen  a  area  having  such  a  ‘big’ 
droplets  (about  3.3  ps  diameter)  which  passed  around  such 
a  shadow  mask  Such  big  particles,  because  of  their  mass 
needs  time  to  be  accelerated  and  pushed  inside  the  substrate 
area,  behind  the  shadow  mask.  For  a  bigger  particle  -  that 
also  should  mean  a  bigger  mass  -  is  necessary  a  bigger  time, 
which  taking  into  consideration  the  longitudinal  sped  - 
which  statistically  have  to  be  still  considerable  bigger  that 
the  maximum  transversal  one  -  should  mean  a  bigger 
(hstance  “d”.  These  considerations  suggested,  as  a  Fig.  6.  -  SEM  for  the  thin  film 

deposited  by  plane  shadow  mask  setup. 
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possibility,  to  control  the  droplets  size  by  controlling  the  distance 
“d”.  Such  a  system  is  presented  in  Fig.  7.  In  case  that  a  “big” 
droplet  should  pass  by  the  first  shadow  mask  element,  if  the 
forces  are  not  “big  enough”  for  accelerating  such  a  mass  in  a 
distance  “p”  corresponding  to  the  distance  between  to  consecutive 
mask  elpimpints  (trajectory  “a”)  the  droplet  should  be  reflected  and 
pushed  outside  of  substrate  area  by  next  shadow  mask  element 
(trajectory  “b”).  And  the  phenomena  should  be  same  for  all 
shadow  mask  elements.  However,  considering  that  after  3-4  ps 
(which  should  correspond  for  a  2.5  -  3  cm  from  target  the 
expansion  of  plume  could  be  considered  spherical  and  because 
the  plume  (small)  particles  density  will  drastically  decrease  with 
distance,  the  pressure  exerted  on  the  big  particles  will  be  much 
reduced,  such  that  we  consider  that  the  step  “p”  between  to 
consecutive  obstacle  could  be  increased  without  being  affected 
the  maximiim  ‘droplets  size’  accepted  inside  the  substrate  area, 
such  that  the  proposed  experiment^  model  have  and  imequal  step. 


Fig.  7.-  Theoretical  consideration  of  ‘droplets’ 
penetration  through  a  multi-element  shadow  mask 
system. 


2.  EXPERIMENTAL  SYSTEM  -  HELLICOIDAL  MASK  - 


The  experimental  system  for  a  ‘‘eclipse” 
deposition  using  an  hellicoidal  shadow  mask  is 
presented  in  Fig.  8.  The  main  system  parameters  are 
same  like  the  plane  shadow  mask  system  described  in 
Table.  1 

Some  optimizations  of  the  hellicoide 
parameters  (Fig.  9)  where  necessary.  The  plume 
penetration  through  the  mask  was  studied  by  an  Ultra- 
Nac  High  Speed  Camera.  We  briefly  present  the  main 
consideration  in  choosing  the  hellicoide  parameters: 

-spire  diameter  O  -is  inverse  proportional 
with  the  mask  length.  Also  an  increasing  of  mask 
length  should  mean,  besides  the  increasing  of  substrate 
distance  an  increasing  of  the  mask  total  area.  A  2 
mm  have  been  chosen; 


Fig.  8  Hellicoidal  shadow  mask 
-experimental  setup- 


vertical  step  Ap^,  -  minimum  value  is  0.  Decreasing  to  limit  (0)  of 
the  vertical  step  the  sensitivity  of  system  alignment  increase 


dramatically.  Increasing  vertical  step  Apy  plume  penetration  will 
be  strongly  diminuated.  We  have  chosen  Apy=  0.5  mm  and  tried  to 


control  the  plume  penetration  from  longitudinal  step  Apx ; 


I  I 


Fig  9.  Hellicoide  parameters. 


longitudinal  step  APv  -  have 
>een  used  to  control  the  plume 
penetration.  A  decreasing  of  step 
increase  the  plume  reflection  which 
liminuate  the  plume  penetration  (Fig 
lO.a).  An  increasing  of  step  will  enlarge 
the  substrate  distance  from  target.  No 
signiflcant  influence  in  plume 


Fig.  10.  Plume  behavior  with  a  hellicoidal 
shadow  mask 
(frontal  view)  T=  2.5  ps. 
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propagation  with  increasing  of  step  over  5  mm  have  been  modified,  so,  the  minimum  size  Px=  5  mm  have  been  chosen; 


a)T=2.5ps  b)T=2.5|is 

Fig.  1 1 .  Plume  behavior  with  a  Helicoidal  shadow  mask  -lateral  view 
a)  Apx  =2  mm;  b)  Apx  =  5  mm. 

distance  from  target  dn  -  affect  the  plume  reflection  on  hellicoide  tip.  For  distance  do  bigger  the  8  mm  no  longer 
strong  reflection  has  been  observed,  so  the  minimum  distance  do=8  mm  have  been  chosen. 

The  increasing  of  hellicoide  step  have  been  made  linear  at  ~  2mm/step. 

With  these  hellicoide  parameters,  the  plume  behavior  is  presented  in  frontal  view  (Fig.  10)  and  from  lateral  view 
(Fig.  ll.b).  A  deposition  with  this  hellicoidal  shadow  mask  and  using  the  experimental  system  presented  in  Fig.  8  have 
been  realized  and  analyzed. 


3.  RESULTS 

The  pictures  of  a  thin  film  deposited  hellicoidal  shadow  mask  system  are  presented  in  Fig.  12.  In  Fig  12a  we 
present  a  SEM  picture  of  a  ‘droplet’  The  maximum  size  of  “droplet”  able  to  penetrate  such  a  system  could  be  estimated  at 
about  300  mn  Number  of  “droplets”  is  considerable  smaller  for  such  a  deposition  than  for  a  plane  electrode  shadow  mask 
one,  and  also  the  maximum  ‘droplets  size’  is  about  10  times  smaller.  This  is  considered  to  be  the  main  advantage  of  such 
a  deposition  system.  However,  the  deposition  rate  have  been  reduced  about  4  times  in  comparison  with  the  plane  shadow 


a)  SEM  b)AFM 

Fig.  12.  YBCO  thin  film  deposited  with  hellicoidal  shadow  mask  (18  000  pulses) 
a)  -  SEM  for  a  “droplet”;  b)  AFM. 
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mask  system  deposition  rate  In  comparison  with  a  standard  deposition  system  by  laser  ablation  (no  shadow  mask) 
deposition  rate  for  such  a  system  is  about  10  %  An  AFM  picture  of  a  droplets-free  area  is  presented  in  Fig  12b. 

4.  CONCLUSIONS 

Based  on  a  simplified  approximation  of  the  ‘droplets’  movement  in  a  plane  shadow  mask  deposition  system,  we 
propose  a  new  shadow  mask  having  an  hellicoidal  shape.  After  studying  plume  behavior  in  such  a  system  and  after 
optimizing  the  helhcoide  parameters  we  was  able  to  obtain  a  better  film  quality,  having  maximum  droplets  size  about  10 
riiTips  smaller  than  the  one  deposited  with  a  plane  shadow  mask  one. 
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ABSTRACT 

In  actual  systems  the  optic  signal  are  detected,  processed  and  electronic  recorded.  These  hybrid  systems  diminish 
considerably  the  processing  speed  of  optical  signals.  So,  it’s  absolute  necessary  to  implement  the  processing  signals  of  optic 
systems  which  have  to  be  competitive  with  the  actual  electronic  systems.  In  this  paper,  the  authors  present  from  theoretical 
point  of  view,  the  realization  of  some  logical  gates  (AND,  OR,  NOT)  with  photonic  devices  and  combinational  logic 
circuits  with  photonic  devices  as  decoder,  demultiplexer  and  multiplexer. 

Keywords:  combinational  logic  circuits,  logical  circuits  with  photonic  devices,  optical  logic  circuits,  optical  computer. 

1.  INTRODUCTION 

The  interaction  of  laser  ray  with  matter  goes  to  a  wide  spectrum  of  physics  phenomenon  in  nonlinear  optics'.  The  photonic 
microdevices  with  inferior  power  threshold  which  permit  the  propagation  of  laser  pulses  over  a  certain  value  of  incident 
power  can  be  realized  using  nonlinear  optical  mediums  which  are  self-focusing.  It  can  be  realized  optical  power  limiters 
using  nonlinear  guided  waves  if  one  or  both  mediums  which  bounds  a  linear  dielectric  film  are  characterized  as  optical  self- 
defocusing  which  are  not  linear.  Using  both  nonlinear  effects,  which  is  threshold  power  and  power  limiters,  it  results  that 
only  optic  pulses  with  the  values  of  power  into  a  certain  interval  can  be  transmitted  through  an  optic  wave  guide  which  is 
not  linear^. 

A  general  definition  for  a  combinational  logic  circuit  (CLC)  would  be  circuit  which  has  n  ii^ut  (xi,X2,...p{„)  and  m  outputs 
0^i,y2,-,yn)  and  where  the  output  could  be  as  functions  only  by  the  input  variations^  ''. 

yi=fi(x,,X2,...,x,0 

y2=f2(Xl,X2 . x„)  (1) 


ym=fm(X],X2,...,X„) 

In  a  CLC’s  structure  doesn’t  exist  memory  circuits  and  reaction  bounds  because  the  mathematical  model  (1)  doesn’t  involve  free 
variables  time  and  output  (output  variables  caimot  be  applied  on  input).  Output  values  are  functions  depending  on  ii^ut  values, 
and  iiqjut-output  transfer  is  instantly  (the  propagation  time  is  neglected  in  logical  gates).  A  combinational  logic  circuit  could  be 
mathematically  described  by: 


C=(X,Y,F)  (2) 

where:  X=Xi,X2,...pc„,  input  variables  multitude;  Y=yi,y2,...,ym,  output  variable  multitude;  F:X^Y,  input-output  function;  it’s 
noticed  tiiat  time  variation  doesn’t  appear. 


2.  LOGICAL  GATES 

The  logical  circuits  physically  realized  the  transformation  of  the  variables  from  the  input  into  the  output  variables  of  the 
circuit  according  to  a  given  logical  function.  That  means,  they  realized  practically  the  operations  of  the  given  logical 
functiorL  The  elementary  logical  circuits  are  static  switching  circuits  and  are  called  logical  gates’. 
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In  Fig.  1  there  are  given  the  representation  symbols  of  the  optical  devices  with  inferior  power  threshold  and  with  power 
limiter.  For  making  easier  tiie  understanding  of  phenomena,  there  will  not  be  given  nominal  values  of  the  laser  incident  ray, 
but  numbers  (Roman  or  Arabic  digits)  that  will  emphasize  only  a  qualitative  difference  betwera  the  different  powers  of  the 
laser  ray.  Therefore,  in  Fig.  la,  there  is  represented  the  symbol  of  an  optical  device  with  inferior  power  threshold,  showing 
that  the  ioHHftnt  power  of  laser  ray  must  have  at  least  the  value  “1”  such  as  the  light  ray  to  propagate  forward.  Of  the  laser 
pulse  has  an  incident  power  smaller  than  the  value  “1”,  then  it  will  not  pass  forward,  it  will  be  stopped  by  the  optical  device. 
The  difference  between  two  optical  devices  having  the  values  of  incident  power  “1”  and  “2”respectively  consists  in  the  feet 
that,  for  the  light  ray  to  pass  forward,  tire  incident  power  of  the  laser  pulse  should  be  bigger  wdien  meeting  the  second 
optical  device  with  inferior  power  threshold  (the  one  that  has  the  incident  power  represented  by  “2”)  as  compared  to  the 
situation  vriien  it  meets  the  first  optical  device  (the  one  that  has  the  s)mibol  “1’ ). 


(a) 


Fig.  1.  Symbols:  (a)  optical  device  with  inferior 
power  threshold;  (b)  optical  device  with 
superior  power  limitation;  (c)  optical  device 
with  inferior  and  superior  power  threshold  (the 
power  varies  only  in  a  certain  interval). 


In  Fig.  lb  there  is  represented  the  symbol  of  an  optical  device  with  superior  power  threshold  (optical  power  limiter), 
showing  that  the  incident  power  of  the  laser  ray  should  have  at  most  the  value  “H”  such  as  the  U^t  ray  to  propagate 
forward.  If  the  laser  pulse  has  an  incident  power  bigger  than  the  value  “IF’,  then  the  light  will  not  pass  forward,  it  will  be 
stopped  by  the  optical  device.  The  difference  between  two  devices  having  the  values  of  incident  power  “IF’  and  “IH” 
respectively  consists  in  the  feet  that,  for  the  light  ray  to  pass  forward,  the  incident  power  of  fee  laser  pulse  should  be  smdler 
when  meeting  fee  first  optical  device  wife  superior  power  threshold  (fee  one  that  has  fee  incident  power  represrated  by  “H”) 
as  compared  to  fee  situation  vfeen  it  passes  tfeough  fee  second  optical  device  (fee  one  that  has  fee  symbol  “III”). 


In  Fig.  Ic  there  is  represented  fee  symbol  of  an  optical  device  wife  inferior  and  superior  power  limitation,  showing  that  fee 
incident  power  of  fee  laser  ray  should  be  in  fee  interval  “I-II”  such  as  fee  light  ray  to  propagate  forward.  If  fee  laser  pulse 
has  an  incident  power  smaller  than  fee  value  “1”  or  bigger  than  fee  value  “11”,  fee  tight  will  not  pass  forward,  it  will  be 
Stopped  by  the  optical  device. 


A 

G 

O 

R 


(b) 


It  is  to  be  noticed  the  fact  that  any  light  ray,  no  matter  what 
symbol  it  has  (A  -  showing  that  the  lig  it  ray  comes  from  a 
laser  diode  with  emission  in  blue,  V  -  gi  Jen,  G  -  yellow,  R  ^ 
red  etc.),  is  considered  as  having  the  incident  power  with  the 
value  “1”.  That  is  also  for  making  easier  the  understanding  of 
phenomena. 


Fig.  2.  “AND”  circuit  with  photonic  devices. 

In  Fig.  2  feere  is  represented  an  “AND”  circuit  having  two  gates  (Fig.  2a)  and  four  gates  respectively  (Fig.  2b)  made  by 
optical  devices  feat  use  nonlinear  optical  effects.  In  Fig.  3,  an  “OR”  circuit  wife  two  gates  (Fig.  3a)  and  four  gates  (Fig.  3b) 
respectively  is  represented.  It  is  realized  fi-om  optical  nonlinear  devices. 

For  this  work  we  will  use  only  four  tight  rays  wife  different 
►  wavelengths  (R  —  red,  O  —  orange,  G  —  yellow,  A  —  blue). 
This  is  for  making  easier  fee  understanding  of  fee 
phenomena,  because  we  can  use  tight  rays  wife  some  other 
wavelengths. 


A - 


Fig.  3.  “OR”  circuit  with  photonic  devices. 

In  electronics,  from  all  fee  possibilities  of  representing  binary  digits,  fee  most  usual  is  by  two  distinct  levels  of  fee  voltage. 
In  this  work,  because  photonic  devices  are  used,  fee  binary  digits  will  be  represented  on  some  other  principles.  In  fee  s^e 
way  as  fee  representation  of  binary  digits  in  fee  most  usual  electronic  circuits,  feere  cotdd  be  considered  that,  for  fee  light 
ray  symbolized  by  R  (red),  fee  “1”  state,  “1”  logic,  is  vfeen  fliis  ray  exists  and  is  transmitted,  and  fee  “0”  state,  “0”  logic  is 
when  this  ray  doesn’t  exist,  is  missing  firom  fee  spectrum  transmitted  through  fee  tight  guide.  Similarly  for  fee  tight  rays 
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symbolized  by  O,  G  and  V.  There  is  an  inconvenient  when  the  spectrum  transmitted  through  the  light  guide  all  light  rays  are 
missing.  This  inconvenient  is,  in  fact,  the  difficulty  of  realizing  logical  circuits.  For  this,  a  fifth  light  ray  could  be  used.  It  is 
denoted  by  V  (green)  and  it  will  show  in  the  light  guide  when  the  other  rays  (A,  G,  O  and  R)  are  missing. 


Therefore,  through  a  light  guide  we  could  transmit 
simultaneously  five  light  rays  (because  of  the 
restriction  imposed).  When  four  of  them  exist  (A,  G, 
O,  R)  the  “1”  logic  state  is  obtained;  when  only  one, 
V  (green),  exists,  the  other  four  missing,  the  “0” 
logic  state  is  obtained.  For  being  I  Boolean  algebra, 
it  is  considered  that  each  light  ray  expresses  one  bit 
fi*om  the  word  that  could  be  transmitted  through  the 
light  guide.  The  most  significant  bit  is  the  bit 
expressed  by  the  light  ray  symbolized  by  R 

In  Fig.  4  a  “NOT”  circuit  is  represented.  It  is 
realized  fi*om  optical  nonlinear  devices. 

It  has  been  denoted  by  DB  (Data  Bus)  the  bus  with 
data.  Another  notation  is  C  that  represents  a  bus  on 
which  there  are  transmitted  all  the  time  the  five  light 
rays  (A,  G,  O,  R  and  V  respectively).  This  bus  is 
called  refresh  bus. 


3.  BUSES 


A  complex  numerical  system  can  be  looked  as  logical  blocks  assembly  interconnected  conform  of  one  architecture. 


In  this  paper,  the  bus  is  a  way  for  photonic  and  lighted 
signals  transfer,  and  is  built  in  general  case  from  n  lines. 

At  buses’  lines  are  connected  some  transmitters  (sources), 
receivers  and  mixed  elements  (source-receiver).  Also  must 
be  existing  gates  elements  which  have  to  permit  the  access  of 
data  to  and  from  these  elements. 

For  the  transmitting  a  correct  information  on  bus  is  necessary 
to  respect  the  following  rule:  at  one  moment  the  access  on 
bus  can  have  only  one  transmitter,  theoretically  the  number 
of  receivers  being  unlimited.  In  usual  electronic  circuits  this 
rule  has  to  be  satisfied  with  high  impedance  state,  HZ. 

For  circuits  with  photonic  devices  this  rule  can  be  fulfilled 
like  in  Fig.  5.  So,  like  we  can  observe  the  access  of 
transmitter  at  data  bus  (DB)  can  be  realized  only  if  the  output 
is  authorized  (validated).  Authorized  by  signal  OE  (Output 
Enable)  which  is  sent  using  control  bus  (CB). 

Fig.  5.  The  realization  of  access  on  bus  at  one  moment  using  only 
one  transmitter. 


Data  bus  (DB)  is  the  way  wliere  infonnation  is  something  like  words  of  n  bites.  Address  bus  (AB)  is  necessary  in 
microsystem  for  the  addressing  of  different  components. 
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Each  point  of  microsystem,  in  which  there  is  a  necessary  information,  must  be  addressed  with  an  address  word.  The 
generating  by  microprocessor  on  bus  of  an  address  word  is  selected  a  source  circuit  (which  write  the  info)  and  a  receiver 
circuit  (\nhich  read  the  info).  For  microprocessor,  address  bus  is  unidirectional,  this  means  that  the  address  can  be  only  write 
and  not  read  by  microprocessor. 

Control  bus  (CB)  synchronize  the  operations  between  microprocessor  and  addressed  exterior  circuits. 

Refresh  bus  (C)  as  we  already  mentioned,  is  a  bus  which  is  used  for  the  transmitting  of  that  five  ray  light  (A,  G,  O,  R  and 
V). 


4.  DECODER  CIRCUIT 


a  b 


yf 

CLC 

(Combinational  Logic  Circuit) 

r  y 

r  ^ 

r  y 

r 

ab  ab  ab  ab 


Let  implement  a  combinational  logic  circuit  with  multiple 
outputs  like  in  Fig.  6,  wiiere: 

5f2,f3)=(aB,ab,a65ab) 

But  these  terms  are  disjunctive.  So,  for  a  certain  combination  of 
input  variables  we’ll  have  an  output  and  only  one  which  will  be 
activated  (in  this  case  in  ‘‘1”  logic).  The  name  of  such  a  circuit 
is  decoder^  ^ 

Fig.  6.  Model  of  a  combinational  logic  circuit  (CLC). 

Structure  of  four  bits  decoder  and  the  truth  table  is  represented 
in  Fig.  7  and  respectively  in  Table  1 . 


Fig.  7,  Fourbits  decoder  widi  photonic  devices. 
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DB  is  a  data  bus.  C  is  a  refresh  bus  on  vMch  all  the  time  is  transmitted  those  five  rays  of  light  (A,  G,  O,  R  and  V). 

5.  DEMULTIPLEXER  CIRCUIT 

In  many  applications  it  is  useful  that  working  of  decoder  circuit  could  be  permitted  or  blocked  using  a  si^plementary  iiq)ut 
named  validity  input"^’®.  The  validity  function  can  be  obtained  introducing  one  siq)plementary  mpvit  at  the  decoder 

gates.  The  name  of  this  obtained  circuit  is  demultiplexer  (DMUX).  The  models  of  demultiplexer  circuits  are  rq)resented  in  Fig. 

8. 


E  El  E2  •«  •  Em 


Fig.  8.  Models  of  demultiplexer. 

The  truth  table  of  the  circuit  from  Fig.  9  is  represented  in  Table  2. 


Table  2.  The  truth  table  of  demultiplexer. 


A 

G 

0 

R 

f.5 

0 

0 

0 

0 

E 

0 

.  • . 

0 

0 

0 

0 

1 

0 

E 

. . . 

0 

6.  MULTIPLEXER  CIRCUIT 


In  2  lines  usual  electronic  multiplexer  circuits  is  connected 
direct  to  the  output  only  one  from  the  input  lines^*^.  Selection  of 
the  wanted  line  from  the  input  to  output  is  realized  using  a 
selection  word  of  n  bits  transinitted  through  n  input  lines,  like 
in  Fig.  10. 

Fig.  10.  Model  of  multiplexer  circuit  (MUX). 

For  photonic  circuits,  if  it’s  used  a  coded  word  with  4n  bits 
length  transmitted  through  n  input  lines  Xo,Xi,...,Xn.i  from  2^" 
variables,  transmitted  through  2^""^  lines,  at  input  is  connected 
direct  to  output  only  one,  transmitted  using  only  one  line. 


Structure  of  four  bits  multiplexer  and  the  truth  table  is  represented  in  Fig.  1 1  and  respectively  in  Table  3. 


DB  C 


Fig.  11.  Four  bits  multiplexer  with  photonic  devices. 
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Table  3.  The  trutfa  table  of  multiplexer. 


X3 

X. 

Xi 

Xo 

y 

0 

0 

0 

0 

0 

0 

0 

1 

io^ 

1 

1 

1 

1 

7.  READ-ONLY  MEMORY 


Memories  circuits,  vriien  are  viewed  as  structures  that  can  implement  logical  functions  under  disjunctive  canonic  form 
(DCF),  are  enclosed  in  combinational  circuits  class  too,  although  some  of  then  have  in  their  structures  cells  vriiich  are 
sequantial  circuits^’''.  In  Fig.  12  is  represented  a  read-only  memory  with  photonic  devices. 


Fig.  12.  Read-only  memory  with  photonic  devices. 


8.  CONCLUSIONS 

In  this  work  there  has  been  tried,  hrom  the  theoretical  point  of  view,  the  realization  of  some  logical  circuits  with  photonic 
devices,  competitive  with  the  actual  electronic  systems. 

The  use  of  photonic  devices  instead  of  electronic  devices  has  the  following  advantages: 

-  the  switching  time  of  photonic  devices  (10'‘^-10‘*'^s)  is  much  smaller  than  the  switching  time  of  electronic  devices; 

-  the  possibility  of  transmitting  simultaneously  on  a  line  many  lights  pulses  having  different  wavelengths; 

-  the  photonic  signals  are  not  perturbated  by  extern  electrical  and  magnetic  fields. 

As  disadvantages  there  are  the  facts  that  the  integration  degree  of  photonic  circuits  is  smaller  and  the  cost  price  is  higher. 
Some  new  materials  and  architectures  and  technologies  will  eliminate  these  disadvantages. 
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ABSTRACT 

In  this  paper  the  author  presents  a  laser  irradiation  alert  station  which  uses  the  directivity  characteristic  of  the  photosensible 
element  in  order  to  determine  the  direction  of  the  irradiation  beam.  In  order  to  solve  this  problem,  the  author  considers  a 
certain  number  of  photodectors  obtained  after  the  average  optimization  of  the  medium  value  of  the  square  estimation  error 
in  different  directions  of  the  space.  The  M  measure  matrix  is  obtained  as  a  result  of  this  optimization.  Having  the  values  of 
the  measure  matrix  elements,  the  error  which  occurs  in  determining  the  direction  can  be  calculated  taking  into  consideration 
different  values  of  the  error  with  which  the  sensor  determines  the  direction  of  the  radiation  beam. 

1.  INTRODUCTION 

In  present  days,  most  of  the  laser  irradiation  alert  stations  determine  the  arriving  direction  of  a  laser  fascicle  with  a  certain 
error  of  ±15“,.. .,+45°  caused  by  the  photodetector  window.  Some  warning  stations  have  a  better  precision  of  ±1-5°  only  for  a 
specific  area!  In  order  to  accomplish  this,  an  increased  number  of  photodetectors  is  required,  but  this  is  not  the  most 
convenient  way  to  solve  the  problem. 

2.  THE  SENSORS  POSITIONING  OPTIMISATION  AND  DEDUCTION 
OF  MEASURING  MATRIX  (M) 

This  work  tries  to  offer  a  solution  and  comes  with  the  idea  of  using  a  station  with  a  decreased  number  of  photodetectors  in 
order  to  realize  an  almost  semispherical  surveillance.  Because  the  photodetectors  are  displayed  in  a  certain  configuration 
they  provide  the  determination  of  the  azimuth  and  of  the  wave  direction  in  a  vertical  plan.  The  sensor  of  such  a  station 
exploits  the  photodiode  answer  dependence  on  the  angle  between  the  radiation  and  the  normal  to  the  surface  of  the 
photodiode  (the  directivity  characteristic). 


Fig.l  The  directivity  photodiode  characteristic 
a)The  radiation  wave  falls  on  the  photodiode  surface  under  the  angle  a; 
b)The  answer  dependence  of  a  photodiode  on  the  incident  angle  of  the  radiation 

For  a  certain  level  of  radiation,  the  photocurrent  given  by  the  optoelectronic  device  depends  on  the  angle  under  which  the 
wave  falls  on  the  surface.  If  the  photocurrent  which  the  device  gives  when  the  wave  falls  normally  is  known,  then  the  ratio 
WiNftd  gives  us  information  on  the  incidence  angle  of  the  radiation  (Fig.  1).  Having  such  information  from  two  or  more 
sensors  it  is  possible  to  determine  the  direction  where  the  radiation  came  from. 
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In  the  following  we  try  to  determine  the  position  of  the  sensor  support  axes  so  that  the  vectorial  measure  X  (direction)  be 
estimated  with  a  minimum  error.  Let  ’s  assume  that  the  vectorial  measure  is  determined  with  p  sensors  which  give 
information  on  the  measurement  as  it  follows: 

-  U-  is  a  unit  normal  which  coincides  with  the  normal  to  the  surface  of  the  photodetector; 

y.  =M/-X  +  £.,  i  =  l,.-,P  (1) 


Sj  -  is  the  error  with  which  the  sensor  determines  the  input  measure  ; 

Yi  -  is  the  out-put  measure  given  by  the  sensor. 

The  first  relation  can  also  be  given  under  the  form: 

Y-MX+s  (2) 

Y  -  column  vector  of  the  p  dimension,  Y  G  {R) ,  being  the  p  sensors’  response  when  X  matrix  is  applied  on  the 
input; 

£  -  column  vector  of  the  measurement  errors  which  are  assumed  as  being  independent 
and  of  values  equal  to  zero,  ^  ^  ^  ^  ; 

If  the  p  number  of  measurements  exceeds  the  dimension  of  the  unknown  vector  X,  then  a  unique  relation  for  the  X  vector 
cannot  be  established.  There  for  we  tend  to  determine  an  X  estimation  for  which  the  square  of  the  Euclidean  norm 
corresponding  to  the  error  vector  is  minimum^: 

Y  =  Y-MX  (3) 

The  functional  which  must  be  minimized  is: 

J{X)  =  ||7||'  =  Y'^Y  (4) 

The  condition  to  obtain  a  minimum  corresponds  to  the  values  which  revoke  the  derivative  of  the  functional  J(X)  with 
respect  to  the  vector  X: 


aj(X) 

5X 


d  ~ 

=  -V(7^-7)  =  0 
dX 


(5) 


Y 

After  proceeding  with  the  calculus  in  relation  (5),  for  the  estimated^  vector  we  obtain  the  following  expression  which 
minimizes  the  functional  from  (4): 


(6) 


The  solution,  which  minimizes  the  (6)  functional  depends  on  the  values  of  the  M  matrix  elements  and  on  the  Y  output 
measures.  The  elements  of  the  M  measure  matrix  will  be  determined  through  the  minimization  of  the  functional: 

(7) 

ciu“  -  the  medium  square  deviation  of  the  estimation  error  of  the  X  vectorial  measure  in  u  direction,  having  the 
form:  au-=u^(M^M)‘*u,  u  being  the  unit  normal  of  a  random  direction; 

dS  -  the  surface  element  on  the  sphere  with  the  radius  equal  to  1; 

-  the  medium  value  of  the  square  average  of  the  estimation  error  in  different  directions  of  the  space,  no  region 
being  privileged  in  comparison  to  others; 


Q  -  the  solid  angle  covered  by  the  warning  station. 
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For  the  M  matrix  we  consider  an  explicit  representation  having  the  form: 


m,2 

M  = 

m,, 

^pX 

(8) 


If  we  consider  for  the  station  architecture  a  display  of  the  axes  after  two  concentric  cones  with  the  same  vertex,  the  M 
matrix  elements  can  be  expressed  using  four  parameters  which  are  going  to  be  determined.  The  M  matrix  elements  are 
going  to  be  determined  so  that  the  (7)  functional  be  minimum. 


In'  it  is  proved  thatcr  ,  is  minimum  when  ; 

(9) 

If  in  the  (9)  system  we  substitute  with  the  corresponding  values  of  the  measure  matrix  we  obtain: 


COS^  (p-^  +cos^  (P2 


4 

3 


(10) 


Let  cpi=15°  and  we  obtain  (p2=50.74“  so  that  we  can  determine  a  most  propitious  structure  for  the  sensor  system.  What  is 
important  and  must  be  taken  into  consideration  is  the  fact  that  the  resulted  structure  is  most  adequate  and  also  not  the  only 
one;  others  can  be  obtained,  too. 


If  the  M  measure  matrix  is  associated  to  an  optimum  display,  the  M^M  and  (M^M)''  are  diagonal  matrices. 


For  the  upper  determined  parameter  values,  the  measure  matrix  has  the  form: 


0.9659 

0 

0.2588 

-0.4829 

0.8365 

0.2588 

-0.4829 

-0.8365 

0.2588 

0.3164 

0.548 

0.7743 

-0.6328 

0 

0.7743 

0.3164 

-0.548 

0.7743 

(H) 


Finally  we  can  find  the  error  in  determining  the  wave  direction  as  a  function  of  the  error  Aa  which  characterizes  the 
determination  of  the  direction  of  each  sensor.  Let  us  consider  a  random  direction  having  the  azimuth  0=60°  and  the  vertical 
angle  (p=15°.  We  further  calculate  the  error  of  estimation  as  a  function  of  various  errors  of  the  sensors. 

From  Tab.  1  we  can  see  that  in  order  to  precisely  determine  the  laser  wave  direction  it  is  required  that  the  elementary 
sensors  be  determined  with  minimum  measurement  errors. 

Because  the  unknown  direction  is  determined  through  calculus  we  can  correct  the  information  from  the  sensors  so  that  the 
precision  in  determination  may  increase,  if  the  errors  of  the  sensors  are  known. 
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Tab.  1  Values  of  azimuth  angles  (0)  and  elevation  calculated  for  diverse  own  errors  of  1  and  4  sensors. 


The  sensors 

own  error 

The  azimuth  angle 

The  elevation  angle 

The  error  in 

determining  the 

direction 

Aal  [o] 

Aa4  [o] 

e  [0] 

(P  [o] 

A8  [ol 

-0.5 

-0.5 

59.552 

15.502 

0,662 

0.5 

0.5 

60.444 

14.502 

0,658 

-1.5 

-1.5 

58.645 

16.517 

2.001 

-1.5 

1.5 

58.198 

13.529 

2.283 

1.5 

-1.5 

61.804 

16.531 

2.314 

1.5 

1.5 

61,323 

13.516 

1.962 

-5 

-5 

55.321 

20.223 

6.866 

-5 

5 

53.978 

10.303 

7.521 

5 

-5 

66.045 

20.372 

7.874 

-10 

-10 

49.924 

26.181 

14.614 

-10 

10 

1  47.843 

6.14 

14.866 

10 

-10 

:  72.318 

26.773 

16.442 

10 

10 

68.427 

5.547 

12.567 

3.  THE  STUDY  OF  ESTIMATING  ERRORS  VARIATION,  FUNCTION  OF  OWN 

ERRORS  FOR  1  AND  4  SENSORS 

In  the  following,  the  author  analyses  the  variation  of  the  error  of  estimations  as  a  function  of  the  sensors  own  measurement 
error.  The  error  of  estimation  depends,  in  the  considered  case,  on  two  variables;  the  error  in  determination  of  the  two 
sensors,  Aal  and  Aa4.  The  way  the  error  of  estimation  A82  changes  is  presented  in  Figs.  2  and  3.  It  can  be  observed  that 
when  the  sensors  own  error  is  zero  the  error  of  estimation  is  also  zero,  but  as  the  value  of  the  sensors  error  increases,  the 
error  of  estimation  increases  too. 
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Fig.  2  The  variation  of  the  error  in  estimating 
the  direction  according  to  the  sensors 
own  error.  The  sensor  considered  is 
the  number  1  sensor 


Fig.  3  The  variation  of  the  error  in  estimating 
the  direction  according  to  the  sensors 
own  error.  The  sensor  considered  is 
the  number  4  sensor 


For  the  direction  given  by  0  =  60°  and  cp  =  15°  and  the  domain  of  variation  of  the  sensors  error 
Aal  e  [-10*^,  10°  j  Aa4  g  [— 10°,  10°  j,  4  illustrates  the  variation  of  the  error  of  estimation,  A82,  in  a 
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three  -  axes  system  of  co  -  ordinates. 


71 


Fig.  4  The  variation  of  the  error  in  estimating  the  direction  when  both  sensor  number  1  and  4 
are  considered.  The  sensors  errors  are  in  the  domain:  Aal  Aa4  €[-10  ,10 


For  the  same  direction,  the  Figs.  5  and  6  show  the  way  the  angles  0  and  cp  vary.  As  it  is  known,  the  two  above  angles 
characterize  the  direction  of  the  laser  beam.  The  dia^ams  confirm  the  importance  of  building  up  sensors  with  low  errors.  If 
the  sensors  error  is  below  T,  the  precision  in  determining  the  direction  increases  very  much,  (see  Tab.  1) 


trace  1 

Fig.  5  The  variation  of  the  determined 

value  of  the  angle  (p  considering 
the  error  of  the  sensor  number  4 


trace  1 


Fig.  6  The  variation  of  the  determined 

value  of  the  azimuth,  considering 
the  error  of  the  sensor  number  4 


4.  CONCLUSIONS 

We  have  demonstrated  that  there  exists  the  possibility  of  building  an  alert  station  for  determining  the  azirnuth  and  the 
vertical  angle  of  the  laser  wave  with  precision,  but  a  microprocessor  is  needed  in  order  to  process  the  information.  Through 
the  calculus  program  we  can  eliminate  false  alarms  meaning  that  information  is  processed  even  if  it  comes  from  more 
sensors  at  the  same  time  and  not  from  only  one  as  it  happens  in  most  of  present-day  stations.  In  the  analyzed  example  we 
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used  7  sensors  (photodiodes)  and  we  determined  the  error  in  estimating  the  direction  taking  into  consideration  the  individual 
error  of  each  sensor,  which  influences  the  resolution  in  determining  the  direction.  For  example  an  alert  station  which 
determines  the  angle  under  which  we  can  find  the  wave  with  a  precision  of +15",  needs  a  number  of  12  sensors  for  a  circular 
covering. 

The  precision  required  above  can  be  realized  easily  with  such  a  station  with  only  7  sensors  ,  and  whose  errors  may  be  above 
10",  which  is  considered  an  advantage. 

For  the  given  station  it  is  not  necessary  to  calculate  the  window  in  front  of  the  photodiode,  so  that  it  receive  the  radiation 
only  in  a  certain  solid  angle. 
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ABSTRACT 

Monolithic  top  p^mitting  resonant  cavity  light-emitting  diodes  (RCLEDs)  operating  in  the  650  and  880  nm  ranges  have  been 
prepared  using  solid-source  molecular  beam  epitaxy  (SSMBE)  growth.  Transfer  matrix  based  modelling  together  with  a 
self-consistent  model  have  been  used  to  optimise  the  devices’  performances.  The  design  of  the  layer  structure  (distributed 
Bragg  reflector  (DBR)  mirrors,  microcavity,  quantum  wells  (QWs),  barriers,  current  spreading  and  cap  layers)  and  doping 
profile  was  assisted  by  computer  simulations  that  enabled  many  device  improvements.  Among  the  most  significant  ones 
intermediate-composition  barrier-reduction  layers  were  introduced  in  the  DBR  mirrors  for  improving  the  I-V  characteristics 
and  the  cavity  and  mirrors  were  detuned  aiming  at  maximum  extraction  efBciency.  The  febricated  devices  showed  line 
widths  below  15  nm,  CW  light  power  output  of  8  and  22.5  mW,  and  external  quantum  efficiencies  of  3%  and  14.1%  in  the 
650  nm  and  880  nm  ranges,  respectively  -  while  the  simulations  indicate  significant  performance  improvement  possibilities. 

Keywords:  Resonant  Cavity-LED,  Solid-Source  MBE,  modeling,  optimization,  detuning 

1.  INTRODUCTION 

The  resonant  cavity  light  emifting  diodes  present  several  advantages  compared  to  conventional  light  emitting  diodes  such  as 
narrow  linewidth,  better  directionality,  hi^  bri^tness  and  increased  efficiency.  The  enhancements  result  from  the 
alteration  of  the  spontaneous  emission  pattern  and  depend  on  the  structure  ability  to  direct  the  cavity  modes  into  the  escape 
cone  defined  by  the  interface  with  the  highest  contrast  (usually  the  last  semiconductor-to-air  or  semiconductor-to-epoxy 
inter&ce). 

The  basic  RCLED  structure  that  we  investigated  consisted  of  a  cosine-type  1-X-thick  cavity  delimited  by  AlGaAs  DBR 
mirrors  and  having  an  active  region  (with  3  to  5  QWs)  centred  at  the  cavity  antinode.  Top  emission  was  considered  because 
of  the  GaAs  substrate  absorption  in  the  working  spectral  ranges  and  monolithic  structures  were  chosen  since  they  enable 
integration  and  have  reduced  fabrication  complexity. 

Several  software  tools  were  used  in  the  process  of  designing  and  optimizing  the  RCLED.  Besides  using  a  self-consisterrt 
model  (to  evaluate  spontaneous  emission  spectrum,  bandstructure,  absorption  edge,  potential  barriers,  etc.)  several  tranrfer 
matrix  based  iwogtams  have  been  developed  to  help  the  design  process.  Apart  from  enabling  a  faster  and  more  effective 
design  and  optimization  the  modeling  and  simulation  also  assisted  some  conceptual  device  improvements. 

The  structures  were  grown  ly  SSMBE’  that  is  suitable  for  the  fabrication  of  many  abrupt  composition  steps  (like  in  the 
R(XED  structures).  Rapid  thermal  annealing  (RTA)  and  bum-in  tests  improved  sig^cantly  the  RCLED  efficiency  in  both 
spectral  rangpis  The  stractures  were  processed  into  circular,  top-emitting  mesas  and  the  current  aperture  was  formed  by  wet 
thftTinal  oxidatioa  The  processed  devices  were  bonded  on  T046  cans  with  silver  filled  epoxy  and  a  few  of  these  devices 
were  pnrapgiitareri  by  transparent  epoxy.  The  measured  static  characteristics  together  with  the  near-field  and  &r  field 
distributions  indicate  good  electrical  and  optical  properties  although  the  devices  are  not  fully  optimized.  An  inapient 
dynamic  pxrperty  investigation  reveal  that  RCLEDs  are  significantly  &ster  than  LEDs  but  the  (fynamic  behavior  issue  is  just 
beginning  to  be  tackled.  The  jffeliminary  lifetime  tests  are  very  encoiuaging  still  showing  a  residual  trend  of  improvement. 
We  believe  that,  once  fully  optimized,  our  devices  are  suited  for  many  applications  like  sources  for  plastic  optical  fiber 
based  communications  systems  for  LAN  and  automotive  areas,  miniature  displays,  imagmg  technologies,  measurement  and 
detector  systems,  optical  pfriting. 
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2.  MODELING  AND  SIMULATION 


In  a  first  modeling  and  simulation  step  the  QW  composition  and  thickness  together  with  the  barrier  thickness  are  chosen, 
using  a  self-consistent  model,  so  that  the  resulted  spontaneous  emission  spectrum  is  peaked  at  the  desired  wavelength.  The 
self-consistent  model  uses  interband  transition;  strained  QWs  are  treated  using  the  k-p  theory  and  valence  band  mbdng 
effects  are  included  It  has  to  be  mentioned  that  since  the  spontaneous  emission  spectrum  depends  strongly  upon  bias  and 
temperature  while  the  active  region  temperature  and  the  relation  between  injected  current  and  QW  carrier  densities  (used  in 
the  model)  are  hi^y  imcertain,  the  calculated  spontaneous  emission  spectrum  must  be  fitted  to  measurements.  Typical 
emission  spectra  for  the  650  and  880  nm  ranges  are  shown  in  Fig.  1  and  2,  respectively.  In  Fig.  1  the  emission  spectrum 
asymmetry  with  respect  to  the  emission  peak  and  the  emission  spectrum  dependence  on  bias  can  be  observed  while  Fig,  2 
shows  a  comparison  between  the  spectra  of  one  of  our  880  run  RCLED  and  a  commercial  LED  for  two  bias  current  values. 
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Fig.  1  Emission  spectrum  for  a  650  nm  range  RCLED  Fig.  2  Comparison  between  the  emission  spectrum  of  a 

at  two  bias  currents  880  nm  range  RCLED  and  a  commercial  LED 

in  the  same  wavelength  range  for  two  bias  currents 

If,  based  on  a  jdane  wave  decomposition  of  the  propagating  field,  only  ID  propagation  at  a  given  wavelength  and  angle  is 
analyzed,  the  field  can  be  represented  by  a  2x  1  column  vector  having  the  complex  amplitudes  of  the  forward  propagating 
wave  (^)  and  backward  propagating  wave  ('F  )  as  elements.  In  an  optically  linear  and  isotropic  propagation  medium  the 
optical  fields  in  two  planes  x\  and  are  linked  by  the  matrix  equation: 


X 

xu~ 

•^21^22  ,+i 

X 

<->  r.HMI,.,-'*', 


(1) 


It  can  be  easily  observed  that  the  overall  transfer  matrix  for  a  sequence  of  propagation  sections  (between  successive  Zi 
planes)  can  be  obtained  by  multiplying  the  sections’  transfer  matrices  -  starting  with  the  farthest  on  the  direction  of 
propagation: 


•  ^HMI,  ■  MLr- ■■■  ML  ■  Ml,  ■  % 

Any  longitudinal  index  profiJie  n(z)  can  be  e?qpressed  as  a  staircase-like  succession  of  constant-refractive-index  layers.  For  a 
continuous  n(z)  variation  the  narrower  the  staircase  steps  are  the  more  accurate  is  the  approximation  of  the  real  refractive 
index  variatiott  Only  two  types  of  sections  are  needed  for  a  transfer  matrix  representation  of  a  structure  with  staircase 
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refractive  index  variation :  the  type  corresponding  to  the  interfece  between  two  constant-refractive-index  layers  and  the  t^ 
corresponding  to  a  constant  refractive  index  l^er.  The  transfer  matrix  for  the  inter^  between  two  constant-refractive- 
index  layers  (denoted  by  the  indices  1  and  2),  assuming  no  optical  loss  at  the  interface,  is: 


V^21  ^12  /^21 

~  ^12  A21  V^21 


(3) 


Wj  -COS^i  -Wj  -COS^J 


^2  -COS^J  -Kj  •COS02 


and  ^21  =«r0+''2i)^'*2  for  TM  polarisation,  d  and  6 being  the  incidence  and  refraction  angles. 
The  transfer  matrix  for  the  constant-refractive-index  layer  is: 


exp{[(g-a)-j/?]L}  0 

I  0  exp{-[(g-a)-j^]L} 


f4l 


where  g  and  a  are,  respectively,  the  gain  and  loss  per  length  unit,  L  is  the  layer  length  on  the  direction  under  analysis  and  P 
the  propagation  constant. 

The  reflection  and  transmission  coefficient  of  a  succession  of  sections  can  be  easily  obtained  if  the  sections’  transfer 
matrices  are  known.  Considering  a  normalized  forward  propagating  wave  entering  the  first  section  and  no  backward 
propagating  wave  entering  the  last  one,  the  transmission  and  reflection  coefficient  for  the  whole  structure  are  related  by  the 
matrix  relation: 
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hich  the  reflection  and  transmission  coefficient  of  the  whole  succession  of  sections  can  be  derived: 

j.  ,(,=i...Ar) 


(6) 


The  optical  analysis  of  the  RCLED  layer  structure  is  very  much  based  on  the  determination  of  the  reflectivity  dependence 
upon  wavelength,  incidence  angle,  polarization,  layer  contrast,  layer  thickness,  number  of  DBR  periods.  The  example  ^ven 
in  Fig.  3  shows  a  contrast  dependence  calculation  pointing  out  that  a  30-period  Alo.95Gao.05As/AlxGa1.xAs  DBR  mirror 
should  have  at  least  a  0.42  contrast  between  high  and  low  refraction  index  layers  in  order  to  obtain  a  reasonable  reflectivity 
at  650  nm.  Unfortunately  high  contrast  in  AlGaAs  layers  is  hmited  in  the  red  range  by  significant  absorption  at  reduced 
aluminum  content 

Since  the  devices  electrical  characteristics  are  as  much  inqxirtant  as  the  optical  ones  an  electric^  analysis  is  performed  in 
conjunction  with  the  optical  analysis.  The  absorption  edge  (bandg3p)  and  potential  barriers’  variation  with  layer 
conqrosition,  thickness  and  bias  are  analyzed  at  this  stage  with  the  aid  of  the  self-consistent  m^l.  In  oixter  to  alleviate  the 
adverse  effects  of  the  DBR  potential  barriers,  intermediate  composition  layers  and/or  delta  doping  regions  were  used  before 
high  b?in<tgfip  material  layer  (in  the  direction  of  majority  carrier  flow).  Also  structures  having  superlattice  layers  of 
high  and  low  materials  before  each  high  bandgap  layer  (in  the  direction  of  majority  carrier  flow)  were  tried  but 

with  reduced  effectiveness.  The  composition  and  thickness  of  the  intermediate  DBR  layers  were  adjusted  by  analyzing  the 
bandstructure  pofile  calculated  with  the  self-consistent  model.  The  resulted  optimum  composition  was  roughly  m  the 
middle  of  the  composition  gap  between  low  and  high  bandgap  layers.  Supplementary  the  doping  and  thickness  was  adjusted 
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to  yield  a  smooth  band-profile  on  the  path  of  both  majority  carriers  and  to  reduce/eliminate  the  notches  induced  by  hangup 
discontinuities.  In  order  to  keep  the  optical  properties  of  the  mirrors  unaffected  the  intermediate  composition  I^er  thickness 
was  kept  much  smaller  than  the  emission  wavelength  and  the  thickness  of  the  high  bandgap  layer  was  adjusted  so  that  the 
opticd  thickness  of  the  co^ined  intermediate  composition  and  high  bandg^  layer  is  V4.  Also  in  order  to  in^itove  the 
electn^  device  characteristics  the  bottom  DBR  was  made  of  N  (and  not  the  typical  N+V4  periods)  staiting  with  hi^ 
refraction  index  (low  bandgap)  layer  on  the  substrate  side.  This  was  done  since  on  one  hand  the  number  of  periods  in  the 
bottom  mirror  was  hi^  enough  (so  that  the  contrast  on  the  interface  with  the  ClaAs  substrate  is  not  important  from  the 
optical  point  of  view)  and  on  the  o&er  hand  the  GaAs  to  low-bandg^  material  interface  produces  a  favorable  barrier 
reduction  step  for  electrons.  In  a  similar  attempt  to  introduce  a  barrier  reduction  step  at  the  first  potential  barrier  for  holes 
the  current  spreading  layer  was  made  of  low  bandgap  (hi^  refraction  index)  material. 

Once  &e  DBR  layer  composition,  order  and  thickness  are  established  the  remaining  variable  to  adjust  the  DBR  mirror 
reflectivities  is  the  number  of  periods.  The  dependence  of  an  Alo,2Gao,gAs/Alo9GaoiAs  DBR  mirror  reflectivity  upon  the 
number  of  periods  at  895nm,  presented  in  Fig.  4,  is  indicating  that  at  least  20  periods  should  be  used  in  flie  bottom  mirror  of 
theRCLED. 


Fig.  3  Calculated  30-penod  Alo.95Gao.05As/AlxGa1.xAs  Fig.  4  Calculated  Alo.2Gao  gAs/Alo  oGao  1  As  DBR  niiiror 

DBR  mirror  reflectivity  dqjendence  vtpon  layer  reflectivity  dependence  upon  the  number  of  periods 

contrast  (at  650  mn  and  normal  incidence).  (at  895  nm  and  normal  incidence) 


In  order  to  adjust  the  refiaction  index  values  used  in  simulations,  comparisons  between  the  oalmdateH  and  experimental 
spectral  reflectivities  were  carried  out.  Fig.  5  diows  such  a  comparison  for  a  10-period  Alo.9Gao.1As/Alo2Gao.8As  DBR 
mirror  at  normal  incidence.  The  differences  on  the  short  wavelength  side  lobes  are  due  to  the  fact  that  the  rinniiatinnc 
assumed  no  absorption  throughout  the  whole  spectrum.  The  close  match  between  the  simulation  and  experiment  indicates 
not  only  that  the  refraction  index  values  used  in  simulation  were  fairly  accurate  but  also  that  the  control  of  the  growth 
process  was  very  good. 

Since  simply  using  an  overall  cavity  optical  thickness  equal  to  the  wavelength  of  the  aimed  cavi^  mode  gives  rather  poor 
re^ts  we  also  used  the  transfer  matrix  approach  to  evaluate  more  accurately  the  spectral  position  of  the  cavity  mode  and 
a#ist  the  cavity  thickness.  Fig.  6  p-esents  the  calculated  spectral  reflectivity  of  the  top  and  bottom  DBR  mirrors  of  a  880nm 
RCI^  together  with  the  calculated  spectral  reflectivity  of  the  whole  RCLED  structure  at  normal  incidence  -  showing  the 
cavity  mode  position.  Several  (tesign  elements  can  be  analyzed  in  Fig.  6.  For  top  high  extraction  eflBciency,  while  the 
bottom  mirror  reflectivity  is  aimed  at  values  as  close  as  possible  to  unity,  the  top  mirror  reflectivity  must  be  adjusted  to 
significantly  lower  values  -  so  that  the  cavity  modes  over  the  whole  emission  spectrum  occupy  as  mnrb  as  possible  of  the 
esc^  window.  The  top  mirror  reflectivity  and  the  narrow  cavity  dip  indicate  that  the  number  of  top  DBR  mirror  periods  for 
the  analyzed  structure  is  above  optimum.  Another  important  feet  that  can  be  observed  in  this  example  is  that  both  minors 
and  the  cavity  mode  were  detuned  with  about  20  nm  from  the  maximum  emission  wavelength  (Xmax=880  nm).  The  Hpfuning 
was  aimed  to  increase  the  extraction  efficiency  into  air.  Unfortunately  the  high  extraction  efficiency  is  contradictory  to  good 
directivity  since  a  rabbit  ear  far  field  (FF)  pattern  is  associated  with  maximum  extraction. 
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Kg.  5  Comparison  between  the  measured  and  the  calculated  F^-  6  Cdculated  spectral  reflectivity  of  the  vrfiole 

rectal  reflectivity  for  a  10-period  Alo.9Gao.1As  /  structure,  top  and  bottom  DBR  mirrors  for  a 

Alo  rGao  gAs  DBR  mirror  at  normal  incidence  880  nm  range  RCLED  at  normal  mcidence 

The  light  extraction  efficiency  -  defined  as  the  amount  of  optical  power  emitted  by  the  active  region  source  that  ^  be 
extracted  outside  the  structure  within  a  given  collection  angle  -  is  an  important  design  parameter,  order  to  optimize  the 
extraction  efficiency  the  DBR  mirrors  and  the  cavity  must  be  detuned  with  respect  to  the  emission  spectrum  peak.  The 
A»tiining  Ak  is  given  by  the  difierence  between  the  cavity  resonance  wavelength  (X,Fp=2*nc*Lc/mc  ,  with  nc  the  cavity 
refiaction  index,  Lc  the  cavity  length  and  me  the  cavity  order)  -  that  should  be  aligned  with  the  DBR  stopband  center 
(Xubr=Xfp)  -  and  the  emission  spectrum  peak  wavelength  (^Tnax):  AA,=XFp(=X.DBR)-^iiiax.  For  a  monochromatic  source 
emission  and  no  limits  on  the  collection  angle  the  extraction  efficiency  is  optimum  when  the  cavity  mode  is  centered  m  the 
miHdip  of  the  pgf^pp  window  (corresponding  to  an  emission  lobe  maximum  at  45°  fi’om  ffie  surface)  and  the  cavity  finrase  is 
low  pnniigh  SO  that  the  cavity  mode  fills  the  whole  escape  window.  However  in  the  practical  case  the  source  has  an  emssion 
spectrum  not  only  of  finite  width  but  also  not  symmetrical  with  respect  to  the  emission  peak  wavelength.  In  this  situation 
(^tailed  modeling  and  simulation  is  needed  to  find  out  the  optimum  detuning.  The  procedure  we  have  applied  to  evaluate 
the  optimum  H^timing  is  also  based  on  the  transfer  matrix  formalism,  but  instead  of  using  gain  in  the  active  layers 
introduces  source  terms^.  The  procedure  starts  from  the  estimated  or  from  the  directly  measured  active-region  emissira 
spectrum.  For  each  emission  spectrum  sample  the  dipole-source  angular  emission  pattern  for  each  polarization  case  should 
be  considered.  However,  since  our  RCLEDs  have  compressive  strained  QWs  (leading  to  domiimt  electron-heavy  hole 
recombination  and  TE  emission)  and  since  vertical  dipole  emission  is  poorly  coupled  to  the  cavity  mode  we  took  mto 
account,  in  a  first  approximation,  just  the  TE  emission  of  the  (arbitrarily  oriented)  horizontal  dipoles.  Because  the  (^ce 
structure  is  invariant  to  rotation  around  an  axis  perpendicular  on  the  grown  layers  (Oz)  all  the  calculations  are  restnrtM  m  a 
xOz  plane  without  loss  of  generality.  The  result  of  all  these  is  a  horizontal-dipole  TE  source  term  of  a  certain  value  for 
each  wavelength  sample  and  angulm  orientatioa  This  source  term  is  placed  successively  in  source  planes  situated  m  the 
middle  of  each  QW  layer.  A  simple  transfer  matrix  equation  system  then  links  (for  each  wavelength  sample  and  angular 
orientation)  the  fields  emerging  progressively  from  the  top  (*P^  0  and  regressively  from  the  bottom  Q¥  b)  of  the  structure 
with  the  p-ogressive  Q¥*^)  and  repessive  ('F ,)  source  terms ; 


^^s  +  s  (A0) 

0 

'i'-s+s  a,0) 

+  e  =  +  (^,0) 

^~s-s  i^,0)  =  ^~s  +  s  (^,0)  +  ^~s  {^,0) 


(8) 

(9) 


0 

^~b  (A0) 


=  MDx 


(10) 
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In  the  previous  equation  system  the  +  and  -  upper  indices  indicate  progressive  (towards  the  top)  and  regressive  (towards  the 
bottom)  propagation;  the  s,  s+s  and  s-e  lower  indices  correspond  to  the  source  plane  and  planes  just  above  and  just  below 
the  source  plane;  the  MU  transfer  matrix  corresponds  to  the  structure  from  just  above  the  source  plane  up  to  the  top  output 
medium  and  the  MD  transfer  matrix  corre^nds  to  the  structure  from  just  below  the  source  plane  down  to  the  bottom 
output  medium. 

When  the  cavity  mode  fits  inside  the  escape  window  over  the  whole  emission  spectrum  the  optimum  detuning  leads  to  two 
separate  emission  lobes  (with  zero  emission  both  at  0°  and  90®).  In  this  case  the  optimum  detuning  is  roughly  equal  to  the 
difference  between  the  long  wavelength  edge  and  the  peak  emission  wavelength  of  the  emission  spectrum.  As  the  detuning 
is  increased  above  the  oj^um  value  the  emission  lobes  separate  further  apart  (decreasing  the  coupling  efficiency)  and  the 
extraction  efficiency  is  decreased  as  shorter  wavelength  emission  exits  the  escape  window.  When  the  detuning  is  decreased 
below  the  optimum  value  the  emission  lobes  come  closer  together  (increasmg  the  coupling  efficiency)  and  as  they  ‘overlap’ 
the  extraction  efficiency  is  reduced  due  to  long  wavelength  emission  exiting  the  escape  window.  At  zero  detuning  a  single 
emission  lobe  is  obtained  and  this  emission  lobe  gets  narrower  and  the  extraction  efficiency  is  further  decreased  as  the 
detuning  is  going  ferther  in  the  negative  domain.  Fig.  8  shows  the  measured  emission  lobes  for  three  650  nm  range  RCLED 
structures  for  whidi  the  intended  detuning  was  0,  6  and  14  mn.  It  can  be  seen  that  the  measured  emission  lobes  are  not  far 
from  those  of  Fig.  9,  obtained  by  simulation,  the  differences  being  not  only  due  to  the  model  inaccuracies  but  also  due  to  the 
inherent  diffoences  between  the  designed  and  realized  structures. 


Fig.  7  Far-fidd  emission  measured  for  diree  650  nm 
range  RCLEDs  having  different  intended  detuning : 
AA<650RC012) «  Omn,  AA(650RC015)  «  6nm, 
AX(650RC0I4)«I4nm 


Fig.  8  Simulated  fitr-field  emission  for  the  three  650  mn 
range  RCLED  structures  whose  measured  fiir- 
fidd  emission  is  given  in  Fig.  7 


As  the  emitted  spectrum,  the  D6R  mirror  stopband  center  and  the  cavity  resonance  wavelength  depend  on  temperature  and 
bias  the  optimum  detuning  regime  is  adiieved  at  a  particular  bias  and  teroperature  of  the  active  region.  Tenperature 
influences  both  die  emission  spectrum  (which  is  red  shifted  with  increased  temperature)  aiKl  the  cavity  resonance  (which  is 
also  red-shified  due  to  thermal  e>q)ansion  and  to  the  temperature  dpendence  of  the  refraction  index).  As  a  consequence 
increased  tempoature  Imngs  the  emission  lobes  closer  together.  The  bias  influences  both  the  cavity  resonance  (as  the 
refiactive  index  depends  on  carrier  density)  and  the  emission  spectrum  (which  is  blue  shifted  with  increased  bias).  A  general 
tendency  of  the  emission  spectrum  and  angular  far  field  distribution  with  bias  cannot  be  determined  since  inherent 
temperature  variation  with  bias  -  depending  on  the  particular  device  structure  -  ^ouldbe  included 

Based  on  the  same  transfer  matrix  formalism  the  stu<ty  of  optical  field  longitudinal  distribution  enabled  us  to  compare  sine 
and  cosine  cavities,  analyse  the  QW  placement  and  evaluate  doping  profiles  to  reduce  the  firee  carrier  absorption.  Fig.  9 
shows  the  refractive  index  and  the  optical  field  profile  for  a  l-A  cosine  cavity  650  nm  RCLED.  In  this  case,  onty  one  of  the 
QWs  can  be  placed  at  the  single  antinode  available;  the  additional  QWs  being  less  effectively  coupled  with  the  cavity  mode. 
The  optimum  number  of  QWs  is  odd  -  to  have  one  QW  placed  exactly  at  the  antinode  -  and  in  the  range  of  3  to  7  dq^ending 
on  the  QW  and  barrier  thickness.  Hi^ier  number  of  QWs  induces  reduced  and  non-uniform  carrier  injection  into  the  QWs 
besides  bad  coupling  to  the  cavity  mode  for  the  QWs  &rther  finm  the  antinocte. 
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The  refiactive  index  and  optical  field  longitudinal  profiles  for  a  1-A  sine  cavity  650  nm  RCLED  ae  shown  in  10.  In  tins 

case  two  QW  groups  can  be  centred  at  the  two  antinodes  in  the  cavity.  No  sine-type  cavity  RCLEDs  have  yet  been  i»eiHr^ 
althou^  there  are  reasons  to  expect  that  by  increasing  the  number  of  QWs  without  increasing  the  cavity  length  some  of  fte 
device  will  imiwove.  The  device  characteristic  with  hipest  inpovement  expectations  m  sme-type  cavity 

devices  is  the  modulation  bandwidth  due  to  increased  i*oton  density.  The  main  drawback  of  the  sine-^  cavity  devires  is 
the  degradation  of  QW  carrier  injection  efficiency.  The  carrier  injection  is  in^iaired  not  only  by  the  increased  numter  of 
QWs  (leading  to  non-uniform  injection)  but  also  by  degraded  carrier  confinement  (the  low-bandgap  high  i^a^n  mdex 
layers  bordering  the  sine  cavity  do  not  provide  potential  barriers  for  carrier  confinement  as  were  the  W^-bandg^  low 
refiaction  index  htyers  bordering  the  cosine  cavity).  The  carrier  confinement  p-oblem  can  be  alleviated  by  umg  low- 
refiaction-index  hi^-bandgap  qiacers  on  the  outer  limits  of  the  cavity  (and  lower  bandg^  barriers  and  spacers  insi^  me 
cavity)  and  by  optimising  the  doping  pofile  in  the  re^on.  The  optical  simulffions  in  Fi&  9  and  10  indicate  that  for  similar 
QW  injection  the  relative  optical  field  intaisity  is  significantly  hi^er  in  flie  sine-type  cavity. 
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Fig.  9  Refiactive  Mex  and  optical  field  intensity 
profiles  along  a  1-X  cosine  cavity  RCLED 
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Fig.  10  Refiactive  index  and  optical  field  intensity 
profiles  along  a  1-X.  sine  cavity  RCLED 


3.  DEVICE  GROWTH,  PROCESSING  AND  CHARACTERIZATION 

Our  nrT.F.n  structures  were  grown  by  solid-source  molecular  beam  epitaig^  (SSMBE)*.  Besides  being  suit^le^  tte 
fabrication  of  many  abrupt  composition  steps,  SSMBE  has  the  advantage  of  being  toxic-gas-J^  ^d  haying  a  r^^ 
growth  temperature  (as  compared  with  MOCVD  growth).  Furthermore  the  SS-MBE  grown  AlG^^mat^  usrf  for  the 
red  RCLED  cavity  does  not  sufier  ftom  alloy  ordering  to  the  same  extent  as  in  MOCVD  growth  ■ ,  e^lmg  the  use  o 
exactly  cut  substrates  for  RCLED  structures  in  both  spectral  ranges.  Valved  cracker  ceUs  were  used  for  ar^c  md 
phosiAorus,  whereas  group  IH  (aluminum,  gallium  and  indium)  fluxes  were  generated  by  convenbonal  eftoon  re  . 
Beryllium  and  sUicon  were  used  asp- and n-type  dopants,  respec^vely.  The  growth  temperature  and  ffie  phosphorus  beam 
pressure  for  growing  the  active  region  were  adjusted  to  yield  maximum  jrtiotoluminesrenre  (PL)  intensity. 

The  650  nm  RCXED  structure  consisted  of  a  32  period  n-doped  AlosGao^As/AlAs  bottom  DBR  mirror  (wifli  Alo.75Gao.25As 
intermediate  composition  layers),  a  l-X  cosine  cavity  with  three  Gao.45l^55P  9WS  and  (A|a5C^5)o^iIno4^  SSSSe 
semicavities,  a  5  to  12  period  p^loped  Alo,95Gao.o5As(Alo.5Gao.5As  top  DBR  mirror  ^so  with  Alo.75G^.25As  mterme<Me 
composition  layers)  and  an  Alo5Gao.5As  current  spreading  layer  with  a  thin  p  GaAs  contact 
Alo  ^02As  wet  thermal  oxidation  l^er  was  placed  one  DBR  period  away  from  the  cavity  m  order  to  avoid  OMde  modes 
^  si  propagation  into  the  cavity.  The  880  nm  RCLED  structure  consisted  of  a  20  penod 
AlojGaogAs/AlogGaojAs  bottom  DBR  mirror,  a  l-X  cosine  cavity  with  three  Gao,96lno.o4As  QWs  and^2<^.8As  ^ers 
and  semicavities,  a  5  to  7  period  Rdoped  Alo9Gao.iAs/Alo.2Gao8As  top  DBR  mirror  having  a  ^.97G^.(»^  wet  ther^ 
oxidatirai  layer  in  the  second  pmod  finm  the  cavity  and  an  Alo2Gao8As  current  sheading  layer  with  a  thm  p  GaAs  contact 
Ijtyer  on  top.  No  barrier  reduction  layers  were  used  in  the  880  nm  RCLEDs. 


A  rapd  thOTnal  annealing  (RTA),  done  at  890°C  for  1  s,  was  found  to  inp-ove  significantly  the  RCLED  efficiency  in  both 
spec^  ranges  removing  some  of  the  non-radiative  recombination  centres^  Electro-annealing  (EA)  produced  a 
sipificant  improvement  as  can  be  seen  from  the  comparison  between  the  V-I  and  L-I  characteristics  for  devices  with  and 
without  EA.  The  structures  were  processed  into  circular,  top-emitting  mesas  with  window  diameters  ranging  from  80  pm  to 
500  pm.  The  current  aperture  was  formed  by  wet  thermal  oxidation  at  375°C  for  135  minutes.  The  mesa  edge  and  the  oxide 
layer  penetration  can  be  observed  in  the  scanning  electron  microscope  image  of  a  650  nm  range  RCLED  shown  in  Fig.  12. 
The  arrow  indicates  the  current  aperture  made  by  selective  wet  thermal  oxidation. 


Fig.  11  L-I  and  V-I  characteristics  for  650  mn  range  Ilg.  12  Scanning  electron  microscope  image  of  a  650  nm  range 

RCLEDs  with  and  without  electro-annealing  RCLED  showing  the  mesa  and  die  oxide  ap^ture 

Initially  a  ring-shape  top  contact  was  used  and  near-field  measurements  indicated  hi^y  non-uniform  transverse  optical 
field  distributioa  Fig.  13  shows  the  non-uniform  transverse  near  optical  field  distribution  measured  from  a  80pm  diameter 
mesa  structure  having  a  top  ring  contact.  Under  the  assumption  that  the  transverse  optical  field  non-uniformity  was  mainly 
caused  by  poor  transverse  current  spreading,  honeycomb  3pm  wide  metal  stripes  were  run  through  the  window  area  to 
enhance  current  spreading.  The  resulted  near  field  distribution  is  shown  in  Fig.  14.  A  more  uniform  transverse  optical  field 
distribution  is  obtained  except  &om  the  areas  shadowed  by  the  metal  stripes.  The  optical  field  gap  in  the  lower  left  comer  is 
prob^ly  due  to  the  wire  bonding  extending  over  the  aperture. 


Fig.  13  Measured  near  optical  field  for  a  650mn  range  Fig.  14  Measured  near  optical  field  for  a  650nm  range 

RCLED  with  a  ring  contact  of  about  80pm  RCLED  having  honeycomb  metal  strq>es 

over  the  output  aperture 
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The  jxocessed  devices  were  bonded  on  TO-46  C3ns  wifli  silver  filled  epoxy.  Some  of  these  devices  were  enc^isulated 
trancparpnt  epoxy  tt)  pTotect  the  sui&ce  and  to  inqjrove  the  light  extraction  finin  file  device.  The  encapsulation 
file  refractive  index  difference  at  the  semiconductor  to  output  medium  inteifece,  fiius  enlmging  the  esc^  cone. 
Figs.  15  mid  16  show  the  current-light-voltage  (I-L-V)  characteristics  and  external  quantum  efficiencies  (C^)  deduced  from 
the  emeriments  for  enc^isulated  500-iun  devices  (with  =  15  nm).  The  650  nm  device  (Fig.  15)  exhibits  a  mmdmum 
power  in  excess  of  8  mW  at  /  =  200  mA  dc  drive  current  and  bias  voltage  Ff  =  2 .20  V.  The  external  has  a  maximum  of 
2.5%  at  /  =  60  mA,  and  it  is  slightly  decreased  at  hi^er  injection  currents  due  to  thermal  effects.  Our  values  are 
somewhat  gmallpr  than  those  of  202  pm  wide  red  RCLEDs  reported  by  a  Swedish  groiqi® ,  indicating  that  our  650  nm 
RCLED  structure  may  require  fiuther  optimization.  The  880  nm  device  (Fig.  16)  exhibits  a  maxinium  power  of  22.5  mW  at 
/  =  130  mA,  and  Ff  is  2.25  V.  Some  reduction  of  the  forward  voltage  and  series  resistance  can  be  expected  when  barriCT 
reduction  layers  are  introduced  in  the  DBR  mirrors  and  the  layer  succession  is  optimized.  The  maximum  external  is 
14%  obtained at/=  30  mA  The  external  decreases,  as  injection  current  is  increased,  due  to  thermal  effects.  To  the  b^ 
of  our  knowledge,  there  exists  no  publication  on  RCLEDs  emitting  exactly  at  this  wavelength  for  a  close  comparison  with 
our  results,  but  there  are  studies  on  860  nm  RCLEDs  in  the  hterature®.  The  reported  860  nm  RCLED  had  an  order  of 
magnitude  lower  QE  than  that  of  our  880  nm  device. 


Fig.  15  Radiant  power,  forward  voltage  and  external  QE  as  a  Fig.  16  Radiant  power,  forward  voltage  and  extern^  a 

function  of  injected  dc  current  for  a  650  nm  RCLED  function  of  injected  dc  current  for  a  880  mn  RCLED 


Fig.  17  Far  field  change  with  mount  (ambient)  temperature  Fig.  18  Far  field  change  with  moimt  (ambient)  temp^ture 

for  a  650  nm  RCLED  designed  with  6  nm  detuning  for  a  650  nm  RCLED  designed  with  1 4  mn  detuning 

at  room  temperature  at  room  temperature 
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The  temperature  dependent  device  behavior  was  studied  by  performing  measurements  at  various  moimt  temperatures.  The 
shift  of  the  peak  emission  wavelength  with  temperature  was  found  to  be  about  0.14  mn/®C  for  the  650  mn  ROJEDs  and 
about  0.22  mn/°C  for  the  880  nm  RCLEDs.  The  angular  emission  pattern  narrowed  with  increased  temperature  as  both  the 
emission  spectrum  and  the  cavity  resonance  were  red-shifted  The  effect  of  the  mount  (ambient)  temperature  increase  on  the 
fer  field  pattern  can  be  observed  in  Figs.  17  and  18.  Fig.  17  shows  the  far  field  ch^ge  with  temperature  for  a  650  nm 
RQJED  with  intended  6  mn  detuning  for  the  cold  device  and  Fig.  18  shows  the  far  field  change  with  temperature  for  a  650 
nmRQJED  with  intended  14  nm  detuning. 
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Fig.  19  Far  field  change  wifli  injected  current  for  a  650  nm 
RCLED  designed  with  6  nm  detunii^ 


Fig.  20  Far  field  change  with  injected  current  fcr  a  650  nm 
RCLED  designed  with  14  nm  detuning 


^en  the  bias  dependaice  was  analyzed  the  angular  emission  pattern  was  more  staWe  due  to  the  combined  efifects  of 
mcreased  bias  and  associated  increased  tenqjerature  as  can  be  observed  in  Figs.  19  and  20.  Also  the  peak  fimiccinn 
wavelength  and  the  emission  spectrum  full  width  at  half  maximum  show  a  relative  stabili^  with  mcreased  bias  —  as  shown, 
for  a  650  nm  device,  in  Fig.  21.  As  a  result  of  the  temperature  and  bias  dependencies  the  optimum  extraction  efSciency 
re^me  is  achieved  only  at  a  certain  bias  and  ambient  temperature.  This,  together  wifli  other  fhPTmal  lead  to  flie 

radiant  power  dependence  on  bias  depicted  in  Fig.  22  exfaibitii^  a  clear  maximum  at  a  device-dependent  iiy  ected  current 


Fig  21  Emisaon  peak  and  spectrum  extension  dependence  Fig.  22  Radiant  power  dependence  on  injected  cutrent 

on  injected  cmrent  fin  a  650  nm  RCLED  exhibiting  an  optimum  working  r^ime 

Dynamic  properties  have  been  investigated  to  some  exteit,  but  it  is  clear  that  much  more  work  is  needed  to  clarify  the 
ultimate  perfommce.  It  has  turned  out  to  RCLEDs  are  significantly  fester  than  LEDs  althou^  their  speed  is  limited  by 
the  {flioton  recycling  and  by  the  earner  diffusion  effects  for  large  diameter  devices.  The  measured  modulation  speeds  fiir  our 
650  nm  RCLEDs  -  shown  in  Fig.  23  -  vary  finm  190  to  150  MHz  as  the  device  diameter  is  increased  from  150  to  500  pm. 
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Device  size  (in  m  icrons)  Tcst(h) 

Fig.  23  Measured  maxiinum  modulation  frequency  Fig.  24  Lifetest  results  for  7  650  nm  RCLED  devices 


Owing  to  the  lack  of  availability  of  SS-MBE  grown  RCLEDs,  lifetime  performance  cannot  have  been  explor^  pieviously 
and  is  only  now  being  tackled  Fig.  24  shows  the  results  from  a  group  of  seven  650  mn  “^SOOpm  RCLEDs,  which  have  been 
nndsrgning  life  test  for  12,600  &vice-hours  at  the  time  of  writing.  The  devices  are  being  driven  under  constant  current  at 
temperatures  of  60  °C  (4  devices)  and  90  °C  (3  devices)  to  accelerate  their  ageing.  The  power  level  vm  initially  set  at  » 
0.4  mW  at  room  temperature.  The  data  shows  an  ove^  picture  of  no  degradatioa  Indeed  all  devices  are  still  showing  a 
residual  trend  of  improvement  and  emitting  at  about  10  %  hi^er  Pom  than  they  dd  imtMy.  Lifetime  tests  over  a  loriger 
period  and  for  an  increased  number  of  devices  are  needed  to  evaluate  the  (kvice  lifetime  since  the  projected  lifetime 
ratnilatftd  from  the  present  measurements  is  infinite. 
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ABSTRACT 

A  comprehensive  analysis  of  the  small-signal  direct  modulation  response  (f.sdB  limit),  based  on  quantum  well  (QW)  laser 
rate  equations  model  is  presented.  This  theoretical  model  is  first  analytically  analyzed  in  order  to  estimate  the  influence  of 
the  phenomenological  parameters  taken  into  account  on  the  modulation  bandwidth.  We  show  theoretically  that  the  ipakagp 
current  increases  the  low  fiequency  parasitic-like  roll-off  effect  and  degrades  the  differential  gaia  Results  from  modulation 
measurements  of  a  5  QW  AlInGaAs/InP  stracture  are  presented.  The  measurements  are  fitted  with  the  theoretical  model 
evaluation  and  the  modulation  response  figures  of  merit  are  deduced.  The  modulation  bandwidth  limitation  mechanisms  are 
related  to  the  extracted  parameters  and  explained  by  means  of  carrier  transport  effects.  Simulation  results  are  used  in  order 
to  assess  the  carrier  capture/escape  time  ratio  influence  and  leakage  current  influence  on  the  modulation  response. 

Keywords:  MQW  laser,  small-signal  analysis,  simulation,  carrier  transport,  laser  parameter  extraction 

1.  INTRODUCTION 

Quantum-well  (QW)  laser  technology  is  developing  towards  high-speed  operation  improvement.  The  potential  increase  of 
the  optical  communications  systems  overall  p^ormance  channeled  a  lot  of  effort  in  understanding  the  physical  effects 
involved  in  laser  cfynamics.  The  most  important  processes  affecting  the  modulation  response  of  QW  lasers  are:  carrier 
transport,  idioton  population  decay,  spectral  hole  burning  (SHB)  and  carrier  heating 


lig.  1  (a)  earner  diffusion-capture-escape  times  in  carrier  transport,  (b)  carrier  dephasing  time  in  SHB,  and 
(c)  carrier  energy  relaxation  time  in  carrier  heating 


Each  of  these  processes  can  be  e?q)ressed  by  means  of  some  phenomenological  parameters  like  carrier  drifl-diflusion  time  in 
the  separate  confinement  heterostructure  (carrier  transport),  QW  carrier  capture  and  escape  time  (carrier  transport), 
dephasing  time  (spectral  hole  burning)  and  carrier  relaxation  time  (carrier  heating).  The  differential  gain  and  gain 
compression  &ctor  are  other  two  important  parameters  involved  in  the  phenomenological  description  of  laser  (fynamics. 
Fust  a  theoretical  stuefy  of  the  laser  phenomenological  parameters’  effects  on  the  smaU-signal  response  emphasizing  on 
carrier  transport  influence  is  performed.  A  three-rate  equation  model  describing  the  evolution  of  the  carrier  density  in  the 
quantum  wells,  of  the  carrier  density  in  the  confinement  region  and  of  the  photon  ^nsity  is  used.  The  well-known  factors  of 
merit  that  describe  laser  fiequency  response  are  introduced  in  connection  with  the  phenomenological  parameters  involved  in 
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the  model.  Microwave  measurements  for  a  5  QWs  AlGahiAs/InP  structure  are  used  for  laser  parameter  extraction.  SnM- 
signal  simulations  using  the  model  that  takes  into  account  transport  effects  and  laser  non-linear  influence  are  realized 
and  the  results  are  analyzed  in  order  to  find  out  which  are  the  mechanisms  that  degrade  the  modulation  response. 

2.  THEORETICAL  MODEL 

Our  theoretical  model  is  based  on  the  previously  reported  work  of  Nagarajan'.  For  simplification  this  model  takes  into 
consiiteration  just  one  carrier  type  and  reduces  the  MQW  to  a  single  QW  with  eqmvalent  phenomenological  parameters. 
The  laser  model  is  described  by  a  set  of  three  rate  equations  for  the  carrier  density  in  quanW-well  N„,  carrier  density  in 
confinement  region  Nc,  and  photon  density.  The  rate  equations  are: 
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where  I  is  the  injected  current  into  the  active  volume  Vact,  Xc  is  the  capture  time  in  the  QW,  Xesc  is  the  escape  time  out  of 
QW,  1/Tieak  is  carrier  density  reducing  rate  due  to  the  leakage  over  SCH,  is  the  nonradiative  recombination  lifetime  in  the 
quantum-well  active  area,  Xn  is  the  bimolecular  recombination  lifetime,  Xp  is  the  photon  lifetime,  Vg  is  the  optical  mode 
velocity,  go  is  differential  gain  factor,  e  is  the  nonlinear  gain  compression  fector  and  is  the  spontaneous  emission  fector. 
Compared  with  other  models  introduced  so  far*”^^  we  take  into  accoimt  a  new  term  for  modeling  the  influence  of  the  leakage 
current.  The  carrier  transport  time  along  the  SCH  is  considered  negligible  because  it  was  shown  that  for  most  of  the 
stmctures  (having  not  very  long  SCH)  the  carrier  capture  time  dominates  over  the  drift/diffusion  time  along  the  confinement 
region  in  the  overall  transport/capture  process 


2.1  Small-signal  analysis 

An  analytical  approach  for  the  analysis  of  the  small-signal  response  is  presented  in  the  following.  The  analysis  is  j^ormed 
in  order  to  relate  the  new  terms  introduced  in  equations  (1)  and  (2)  to  the  figures  of  merit  that  characterize  the  high-speed 
operation  of  semiconductor  lasers:  resonance  frequency,  damping  factor,  K  factor  and  D  factor. 


In  a  direct  current  modulation  scheme  of  semiconductor  lasers,  the  injection  current  consists  of  a  dc  bias  current  lo  and  an  ac 
modulation  current  AI  =  i-e'“‘,  where  ajln:  is  the  modulation  fiequency.  Corresponding  to  this  variation  the  carrier 

population  density  and  jAoton  density  are  given  by:  N^(t)  =  N^o 

N„(t)  =  N^o -e^^* andS(t)  =  So +s-e-’'^ .  Following  the  calculation  way  described  in  literature’  we  obtained  the 
relation  between  the  modulating  cmrent  and  the  optical  signal  including  the  new  terms  introduced  in  (1)  and  (2)  for  the 
leakage  current  and  nonradiative  recombination: 

rVggoSo 


i 


'^eff 

l  +  jfflXcXefl- 


jo  1  + 


l  +  j0X,T,ff  X^ 


1  VggoSo 

1+eSft 


In  the  ^ve  equation  the  influence  of  the  leakage  factor  is  included  within  =  1 + — One  can  observe  that  the  two 

^leak 

fectors  representing  the  non-radiative  recombination  and  bimolecular  recombination  have  the  same  influence  on  H(a)).  Due 
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H(ffl)  =  ( - ^ - ]— ,■  ■  ^ - 

\^1+ j©TgTgg>  +  j®Y 

„2  (Vggo/x)Sof,  ,  e  "1 
Tp^l  +  sSoj  VggoVff  J 


(5) 

(6) 


(Vggo/x)So  ^  sSp/Xp  1 
1  +  eSo  1  +  eSo  %x„  ’ 


where  a  new  notation  was  introduced  by;  x  =  1 + =  1 + —  .  With  ra,  was  noted  the  most  important  figure  of 

■^esc  "resc 

merit  for  high-speed  modulation  -  the  resonance  frequency,  and  with  y  was  noted  the  damping  factor.  The  dampitig  effect 
depends  on  the  resonance  fi'equency  and  decreases  the  response  peak  corresponding  to  the  resonance.  The  damping  factor 
can  be  related  to  the  resonance  frequency  by  a  frequency  indepen^nt  device  parameter,  the  K  factor: 


Another  very  useful  relation  for  estimating  the  modulation  features  of  semiconductor  lasers  relates  the  resonance  frequency 
to  the  bias  current: 


A  hi^  resonance  fi^quency  and  low  damping  fk:tor  are  required  in  order  to  have  a  good  modulation  response.  High 
resonance  fiequency  is  achieved  at  hi^  photon  density  for  lasers  with  high  differential  gain  (high  D)  and  short  photon 
lifetime.  Small  non-linear  gain  fector  and  high  differential  gain  lead  to  low  damping  of  the  resonance  peak  (small  K)  at  a 
certain  resonance  fi'equency. 

From  these  analytic  expressions  some  effects  on  the  modulation  bandwidth  are  evident.  It  is  obviously  that  the  new  factor 
introduced  in  (1)  for  modeling  the  leakage  current  increase  the  roD-off  in  the  modulation  response  besides  the  influence  due 
to  carrier  capture/escape  time.  The  differential  gain  is  reduced  to  gg/x  because  if  x  is  high  then  the  carriers  are  in  the 
barrier  region  and  not  in  the  wells,  and  will  not  contribute  to  the  gain  This  results  in  the  reduction  of  the  resonance 
fisquency  for  the  same  power  levels.  The  gain  compression  factor  remains  unmodified  so  it  is  not  dependent  on  carrier 
transport  time. 

A  better  understanding  of  carrier/escape  time  and  leakage  current  influence  on  the  modulation  bandwidth  will  come  fi-om 
the  simulation  results  presented  in  the  end  of  the  paper. 
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3.  MEASUREMENTS  RESULTS  AND  THEORETICAL  MODEL  FITTING 

TTie  modulation  bandwidth  of  an  AlGalnAs/InP  laser  structure^  was  measured  using  the  set-«q)  and  procedure  previously 
described  in  literature  The  phenomenological  laser  parameters  were  extracted  from  the  measurement  results. 

The  tnfiHiiiatinn  response  -  measured  for  several  bias  current  values  and  normalized  -  is  posented  in  Fig.  2. 


The  laser  response  can  be  accurately  fitted  to  a  transfer  fimction  containing  two  complex-conjugate  poles  corresponding  to 
the  relaxation  peak  and  an  additional  parasitic-like  real  pole^: 


H((d)  = 


corrst. 


l+ja)T 


par 


}  +j®Y/ 


(10) 


The  fr,  Y  and  Xpr  are  deduced  after  fitting  equation  (10)  wifti  the  measured  transfer  fimction  (Table  1). 

The  differential  gain  is  extracted  from  the  (I)  curve  (Fig.  3).  Using  the  relation  between  damping  fector  and  resonance 
frequency  the  K  fector  is  also  deduced  (Fig.  4)  -  K=0.201  ns.  The  gain  cominession  factor  can  be  easily  (tenved  from  the 

value  of  K.  Using  this  procedure  we  found  out  the  values  for  the  equivalent  differential  gain,  gO/x=8xlO  m  ,  gain 

compression  fector  E  =  3xl0"^m^,  equivalent  recombination  time  x'^^neff  =  0.29ns  (considering  an  active  volume 

Vart=10xl0'”m^)  and  irtioton  lifetime  Xp  =  1.5ps . 

The  parameter  extraction  procedure  can  be  affected  by  error  since  at  hi^er  bias  current  the  laser  ei^bits  multi-mode 
operation  ranging  hi^er  roll-off  at  low  frequency  and  unreliable  value  of  the  resonance  frequency.  Fig.  4  posents  two 
tiffing  fiinrfinng  for  the  Curve  and  one  can  see  that  K  can  be  either  0.201  ns  or  0.236  ns,  depending  on  how  many 
measured  points  are  taWm  into  account.  Another  error  source  is  related  to  the  value  of  the  active  volume  tot  is  not  properly 
evaluated  since  this  particular  laser  has  a  ridge  guiding  structure.  The  errors  in  the  parameter  extraction  procedure  can 
Hptprminp  unreliable  value  for  the  differential  gain  and  the  gain  compession  factor. 

We  can  relate  the  mavitnnm  possible  intrinsic  bandwidth  to  the  K  fiictor'  by  fmax  **8.8xK  The  extracted  K  value  gives  a 
44  GHz  theoretical  modulation  bandwiAh.  The  huge  difference  between  the  intrinsic  modulation  bandwidth  and  the 
measured  one  is  mostly  due  to  the  small  value  of  the  D  fiictor  (0.7123  GHz/(mA)’^).  Consequently  the  raonan<»  frequency 
doesn’t  in<TPifsp  miinh  when  the  bias  current  value  increases.  Analyzing  the  equation  (9)  we  can  explain  the  dimimshed  D 


611 


value  by  means  of  reduced  differential  gain  due  to  the  carrier  transport  effects  (capture/escape,  leakage).  The  transport 
effects’  influences  on  the  modulation  response  are  analyzed  in  the  next  chapter. 


Tab.  1  Modulation  response  figures  of  merit  extracted  fi-om  measurements 


I 

[mA] 

fr 

[GEte] 

y 

[GHzl 

fjdB 

[GHz] 

f-3<IB.par 

[GHz] 

35 

1.47 

4.15 

2.02 

1.98 

40 

2,18 

4.48 

2.97 

2.47 

45 

2.75 

4.75 

3.71 

2.84 

50 

3.13 

5.52 

4.19 

3.11 

55 

3.47 

5.96 

4.59 

3.14 

60 

3.79 

6.65 

4.98 

3.29 

65 

3.98 

7.56 

5.40 

4.41 

70 

4.27 

7.70 

5.57 

3.55 
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fig.  3  Resonance  frequency  versus  bias-current 


fig  4  Damping  factor  versus  resonace  frequency 


4.  SIMULATION  STUDY  OF  THE  TRANSPORT  EFFECTS 


A  simulation  program  based  on  the  comprehensive  three-rate  equation  model  presented  in  the  beginning  was  implemented. 
The  simulations  were  performed  aiming  at  a  computer-aided  analysis  of  the  modulation  bandwidth.  Due  to  the  fact  that  the 
described  parameter  extraction  procedure  cannot  discriminate  all  the  parameters  (parameters  like  carrier  capture/escape 
time,  leakage  time  are  included  under  extracted  effective  parameters)  some  of  the  input  parameters  were  chosen  from 
literature  as  typical  MQW  semiconductor  laser  parameters.  Tsblc  2  is  presenting  the  values  used  for  the  input  parameters. 


First  of  M  we  supposed  that  our  structure  doesn’t  exhibit  any  leakage.  Thus  we  can  discriminate  the  effect  of  the  capture  to 
escape  time  ratio  on  the  modulation  response  (Fig.  6).  The  observed  dependence  is  corresponding  to  the  theoretical  analysis 
showing  degraded  response  for  high  carrier  capture  time  to  escape  time  ratio.  This  can  be  explained  differential  gain 


reduction  with  the  fector  x  =  1+ 


It  is  observed  that  for  different  capture/escape  time  values  but  same  ratio  the 


modulation  response  is  the  same  because  %  has  an  unchanged  value. 
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Tab.  2  Intrinsic  MQW  laser  parameters  used  in  simulation 


Parameter 

Description 

Used  value 

active  volume 

1x10' '  m^ 

r 

optical  confinement  factor 

0.08 

Tc 

carrier  capture  time 

1  ps  -  changed  during  simulation 

carrier  escape  time 

100  ps  -  changed  during  simulation 

carrier  leakage  time 

0. 1  ns  changed  during  simulation 

Tnr 

Nonradiative  recombination 
time 

0. 1  ns  -  changed  during  simulation 

Tn 

Bimolecular  recombination  time 

1  ns 

Tn 

Photon  lifetime 

1  ps 

go =  dg/dn 

Differential  gain 

SxlO'^m^ 

£ 

gain  compression  factor 

No 

IxlO^V^ 

Spontaneous  emission  factor 

1x10" 

Fig.  5  Small  signal  direct  modulation  response  of  a  MQW 
laser  for  different  bias  current  values 
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Fig.  6  Small  signal  direct  modulation  response  for  different 
values  of  the  carrier  capture  time  and  the  earner  escape  time: 
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In  a  second  analysis  stage  we  assumed  that  we  have  leakage.  Considering  that  the  modulation  response^  is  not  impaired  by 
the  carrier  capture/escape  effects  (from  the  last  analysis  we  choose  the  carrier  capture  time  1  ps  and  carrier  escape  time  100 
ps)  we  analyzed  the  influence  of  xieak  on  the  modulation  response. 

The  observed  dependence  depicted  in  Fig.  7  corresponds  to  the  induced  leakage  influence,  ejqpressed  in  equation  (4)  by 

Meak 
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Fig.  7  Leakage  influence  on  the  modulation  response 


5.  CONCLUSION 

An  impnved  3 -rate  equation  model  was  introduced  and  an  analytical  eiqiression  for  the  modulation  response  was  deduced. 
Transfer  function  measurements  and  parameter  extraction  were  performed  for  a  5  QWs,  AlGalnAs/InP  laser.  The  simulation 
results  were  used  to  assess  the  influence  of  carrier  capture/escape  time  and  leakage  current  on  the  modulation  response.  All 
simulation  results  are  physically  meaningful  and  in  good  agreement  with  the  analytical  solution  and  show  that  the  carrier 
transport  processes  play  an  important  role  in  the  modulation  response. 
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ABSTRACT 

We  present  two  different  AC  magnetic  field  sensing  configurations  exploiting  the  Faraday  effect  in  the  semiconductor 
compound  Cdo57Mno43Te.  The  first  configuration  is  a  typical  polarimetric  set-up;  the  periodic  magneto-optic  polansation 
rotation  of  a  hneariy  polarised  input  in  the  transducer  crystal  is  converted  into  intensity  modulation  by  means  of  a 
polarisation  analyser.  In  the  second  configuration,  the  Faraday  modulation  appears  in  the  electronic  qrecttum  of  the 
interference  signal  at  the  output  of  a  hybrid  Mach-Zender  interferometer.  Both  set-ups  include  noise  rejecUon  schemes 
(although  different  in  principle  and  operation)  to  improve  the  signal  to  noise  ratio. 

Keywords:  diluted  magnetic  semiconductor,  Faraday  sensor,  common-mode  noise  rejection  scheme,  modulation,  low 
coherence  interferometry  in  transmission  and  reflection 


1.  INTRODUCTION 

The  development  of  optical  sensors  based  on  the  Faraday  magneto-optic  effect  is  important  for  the  power  distribution 
industry  as  th^  offer  several  attractive  features  when  compared  with  conventional  current  measuring  transformers  such  as: 
immunity  to  both  hi^  voltages  and  electromagnetic  interference,  freedom  from  saturation  effects,  hi^  speed  response, 
potential  for  manufacturing  of  compact  and  low  cost  devices. 

The  Faraday  transducers  currently  used  range  from  monomode  low  birefringence  optical  fibres  to  various  bulk  materials 
(crystals  and  glasses)'.  Diluted  magnetic  semiconductors  (DMS),  also  known  as  semimagnetic  semiconductors  are  a  nw 
class  of  Faraday  materials  discovered  and  investigated  since  the  middle  of  the  ei^ties.  Typical  ex^ples  of  DMS  are  the 
compounds  Cdi-xhin^Te,  Hgi.xMnxTe,  Zni.xMnxTe,  Cdi-xMnxSe,  Hg,.xMnxSe,  Cd,.x.yHgyMnxTe  .  The  prosp^  for 
extending  the  of  Faraday  sensors  with  the  advent  of  diluted  magnetic  semiconductors  are  extremely  good  due  to 

their  high  Verdet  constant"  («0.9  rad/mmT  for  Cdo,55Mno.45Te  compared  to  0.071  rad/mmT  for  FR-5  glass),  large  sensin| 
bandwidth"  (up  to  4  GHz  for  Cdo.55Mno  45Te  at  633  run),  negligible  dependence  of  the  Verdet  constant  on  temperature 
(dV/dTsiO  for  Cdo57Mno43Te),  chemical  and  mechanical  stability,  compactness.  Scientific  inye^gations  teve  been  earned 
out  to  optimise  the  molar  ratio  of  Mn  and  Hg  in  the  DMS  for  maximum  magneto-optic  sensitivity  at  certain  wavelengths  of 
the  incident  li^t  beam  currently  used  in  applications":  Cdos^Mho^sTe  at  633  run,  C!do64Mho36Te  at  670  run, 
Cdo.7Hgo.iNfrio2Te  at  850  run  and  Hgo.6Mno.4Te  at  1300  run. 

The  fibre  optic  sensors  developed  using  DMS  are  extrinsic  fibre  optic  sensors  i.e.  the  transducer  is  a  sensitive  DMS 
monocrystal  and  monomode  fibre  links  are  used  to  convey  the  h^t  to  the  sensing  head.  In  the  polarimetnc  sensor 
configuration  file  intensity  of  the  linearly  polarised  h^t  emerging  from  the  input  polariser  varies  due  to  fire  Imear  and 
circular  birefringence  induced  in  the  fibre  links  by  random  environmental  vibrations  in  the  up-lead  fibre.  This  corrupts  the 
detected  Faraday  signal. 

In  order  to  reduce  these  perturbations,  various  common-mode  noise  rejection  schemes  (CMR)  have  been  reported  .  Ihese 
penally  need  two  down-leads.  The  polarimetric  set-up  we  describe  requires  only  one  down-lead  arid  contains  a  CMR  scheme 
based  on  the  creation  of  two  replicas  of  the  photodetector  output  sipal  and  ^bsequent  electronic  processing  that  mcludes 
relative  electronic  delaying,  time  selection,  rectification  and  subtraction/division.  The  sensor  has  improved  performance  in 
comparison  with  previously  reported  systems"'"  due  to  a  very  sensitive  transducer  (5  mm  long  Cdo.57Mno.43Te  monocrystal) 


*  Correspondence:  Phone:  44  1227  764000/3771;  Fax:  441227827558;  e-mail:  R.G.Cucu@ukc.ac.uk 
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and  due  to  the  use  of  a  longer  sin^e  mode  fibre  delay  line.  This  introduces  a  del^  of  about  100  ns  'which  greatly  relaxes  the 
high  speed  requirements  in  the  processing  electronics. 

In  the  low  coherence  interferometers,  the  output  intensity  noise  arises  fi-om  random  tnndifirjttinns  of  the  optical  path 
imbalance  (OPD)  between  the  two  interferometer  arms  due  to  vibrations  and  local  thermal  variations.  The  noise  rejection  in 
this  case  can  be  achieved  balanced  detection. 


2.  POLARIMETRIC  SYSTEM 

The  schematic  diagram  of  the  polarimetric  set-up  is  shown  in  Fig.1.  Light  from  a  pigtailed  ImW  pulsed  laser  diode  LD  of 
850  nm  centre  wavelength  was  injected  into  a  5  metres  long  single  mode  fibre.  The  output  light  from  the  fibre  was  passed 
through  a  linear  polariser  P  and  a  non-polarising  beam  splitter  BS  to  the  sensing  DMS  crystal.  The  up-lead  was  wound 
around  a  PZT  cylinder  to  simulate  environmental  vibrations  that  may  occur  in  the  fibre  links  of  a  remote  operating  device. 


ETqjerimental  arrangement:  LD:  laser  diode;  PG  1,2:  pulse  generators;  MFG:  master  function  generator,  PZT:  piezo-electric 
cylinder;  FH  1,2,3:  fibre  holders;  BS:  beam  splitter,  SMC:  smgle  mode  couplet;  HC:  Helmholtz  coils;  DMS:  sensing  crystal;  P:  polariser; 

A:  analyser,  APD:  avalanche  photodiode;  PS:  pulse  sphtter,  TGA1,2:  time  gated  amplifiers;  Rl,2:  rectifiers;  01,2:  oscilloscopes;  SA:  ’ 

spectrum  analyser,  D(R):  divider/difference  amplifier 

The  PZT  operation  indeed  periodic  birefdngence  changes  into  the  up-lead  causing  variations  of  the  polarisation  state  at  the 
input  to  P  and  hence  intensity  modulation  of  the  linearly  polarised  light  beam  emerging  from  P.  The  laser  diode  was  driven 
2  IK  pulses  with  a  repetition  period  of  190  ns.  Half  of  the  optical  signal  travefied  through  the  DMS  tiatisdticer  placed  in 
the  middle  of  a  pair  of  Helmholtz  coils,  HC  and  thus  was  encoded  with  the  Faraday  modulatinn  and  optical  intensity  noise 
induced  Ity  the  PZT  vibration  (F&N).  An  analyser  A  was  placed  after  the  DMS  crystal  to  convert  the  polarisation 
modulation  into  intensity  modulatioa  The  cross  polarisation  an^e  between  the  transmission  directions  of  P  and  A  was  set  at 
45°.  The  other  half  of  the  optical  signal  carrying  only  the  optical  noise  component  N  was  injected  into  a  single-mode  fibre 
deity  line  (SMD).  The  delay  td  introduced  ^  SMD  was  about  115  ns.  The  optical  signals  emerging  fi-om  the  Faraday  cell 
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arm  and  the  delay  line  arm  were  injected  into  the  input  ports  of  a  sin^e-mode  coupler,  SMC.  One  of  the  output  ports  of  the 
coupler  was  spliced  to  a  5  metres  long  single-mode  fibre  (the  down-lead).  An  avalanche  photodiode  APD  was  placed  at  the 
output  of  the  down  lead.  The  signal  detected  by  the  APD  consisted  of  two  series  of  pulses  of  the  same  period.  The  APD 
output  signal  was  divided  an  electronic  pulse  sphtter  PS  into  two  signals  of  equal  magnitude  which  were  p-ocessed 
separately  in  two  electronic  channels.  The  pulses  encoded  with  the  magneto-optic  modulation  and  oj^cal  noise  (F&N)  from 
the  Faraday  cell  arm  and  the  pulses  encoded  with  the  optical  noise  component  (N)  from  the  delay  Ime  could  be  selected  in 
the  two  rhannpis  of  the  electronic  processing  unit  by  applying  suitably  delayed  TTL  pulses  to  the  inputs  of  the  time  gated 
amplifiers  TGA  1,2  from  the  pulse  generators  PG  1,2.  The  master  function  generator  MFG  was  used  to  trigger  the 
generation  of  series  of  pulses  of  a  given  period  by  the  pulse  generators  PG1,2.  The  pulse  generator  PGl  has  two  outputs. 
The  signals  at  the  two  outputs  could  be  relatively  delayed  by  using  the  built-in  function  of  the  generator.  The  senes  of 
pilses  from  one  output  were  used  to  drive  the  LD  and  the  the  other  ou^ut  signal  was  apphed  to  the  TTL  input  of  TG A1  to 
select  the  F&N  pulses  in  the  first  electronic  charmeL  PG2  has  only  one  ou^t  which  was  connected  to  the  TTL  input  of 
TGA2  to  select  the  pulses  N  in  the  second  electronic  channel.  The  time  selection  was  achieved  by  changing  the  period  of  the 
pulses  generated  MFG  and  adjusting  the  built-in  electronic  delay  between  the  two  outputs  of  PGl.  The  selected  pulses 
were  rectified  by  rectifiers  Rl,2,  then  subtracted  (divided)  by  a  differential  amplifier  D  (electronic  ratiometer,  R)  to  reduce 
the  optical  intensity  noise. 


Fig.  2  Typical  APD  output.  The  two  successions  of  pulses  from  the  Faraday  cell  (F&N)  and  from  the  delay  line  (N)  are 

relatively  delayed  by  Td==  1 1 5  ns 

The  two  series  of  pulses  F&N  and  N  in  the  APD  output  signal  are  shown  in  Fig.  2  as  displayed  by  the  oscilloscope  01.  The 
repetition  time  of  the  pulses  generated  MFG  is  190  ns. 

The  time  gated  pulses  at  the  ouqtuts  of  TGAl  and  TGA2  in  the  two  channels  of  the  electronic  p-ocessmg  umt  are  displayed 
in  Fig.  3. 
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Fig.  3  Pulses  selected  by  time  gating:  Faraday  modulated  pulses  (left),  delayed  unmodulated  pulses  (right) 
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4  Spectrum  of  D  output  for  CMR  by  subtraction 


Fig.  4  illustrates  the  performance  of  the  CMR  noise  rejection  scheme  by  subtraction  to  reject  the  optical  induced  noise  in  the 
up-lead  as  recorded  firom  the  electronic  spectrum  analyser  S A  with  CMR  active  and  inactive.  The  ficquency  of  the  aplied 
Faraday  modulation  was  475  Hz.  The  peak  at  1250  Hz  is  due  to  the  harmonic  PZT  vibration  used  to  simulate  the  vibration 
induced  optical  noise  in  the  fibre  links.  The  noise  reduction  figure  relative  to  the  white  noise  floor  is  more  than  17  dBV  for 
both  CMR  by  division  and  CMR  by  subtraction. 


Magnetic  flux  density  (mX) 


Jig.  5  System  calibration  curve 

In  practical  terms,  the  division  operation  is  more  difficult  to  inq)lement  than  subtraction  and  once  in^lemented  the  mere 
process  of  division  can  introduce  additional  sources  of  noise  and  instability.  The  system  calibration  curve  is  plotted  in  Fig.  5 
which  shows  a  sensitivity  of  approxiinately  153  pV/mT.  The  minimum  voltage  which  could  be  measured  at  the  ouQmt  was 
10  |xV  which  gives  a  minimum  measurable  signal  of  0.06  mT  rms.  The  sensitivity  is  dependent  on  the  stability  of  ffie  laser 
diode  and  of  the  APD  power  supply. 
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3.  MAGNETIC  FIELD  MONITORING  BY  LOW  COHERENCE  INTERFEROMETRY 


LI  L2 


Kg.  6  The  Mach-Zender  interferometer  used  to  measure  the  Faraday  rotation;  SLD;  super  luminescent  diode,  o;  object 
arm;  r;  reference  arm;  DC  1,2;  directional  couplers,  PZT;  piezo-elecnc  phase  modulator,  TS1,2;  manual  translation  stages; 

DMS;  transducer  crystal;  C:  coil;  Ll,2,3,4:  lenses;  FPC:  fibre  polarisation  controller,  PD1,2:  photodetectors;  DA: 
differential  an^hfier,  SA:  electronic  spectrum  analyser,  O:  oscilloscope 

As  shown  in  Fig.  6.,  a  hybrid  Mach-Zender  interferometer  is  used  The  set-up  is  Uluminated  ly  a  Superlum  superluminescent 
diode  SLD  with  a  center  wavelength  860  mn  and  20  nm  FWHM.  The  sensing  crystal  DMS  was  placed  in  the  otgect  arm  o. 
No  polarisation  element  was  used  to  generate  a  linearly  polarised  input  state  at  the  transducer  level.  The  reference  arm  r 
inriiiHpg  an  ?iHjiigtahte  air  gap  to  bring  the  ^em  to  zero  path  imbalance  (OPD).  The  length  of  the  air  gap  could  be  modified 
Higplaring  longitudinally  the  two  manual  translation  stages  TS1,2.  Balanced  detection  was  used  to  reduce  the  excess  photon 
noise*  due  to  the  source  and  the  noise  caused  environmental  factors  (vibrations,  local  thermal  variations)  that  takes  the 
system  out  of  coherence.  The  PZT  vibrations  in  the  reference  arm  created  a  carrier  component  at  12.8  kHz  in  the  spectrum 
of  the  interference  signal. 


Kg.  7  Spectrum  of  the  photodetected  signal 
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The  spectrum  in  Fig.  7  shows  the  PZT  phase  modulation  of  12.8  kHz  and  the  side  bands  due  to  the  magnetic  field  applied  at 
3.3  kHz.  Without  the  reference  signal,  both  the  carrier  and  the  side  bands  go  to  zero  showing  that  the  effect  aiq)ear5  as  result 
of  phase  modulation.  The  Faraday  modulation  signal  values  recorded  for  different  rms  amplitudes  of  the  an)lied  magnetic 
flux  density  is  shown  in  Fig.  8.  The  system  sensitivity  is  approximately  145  )iV/mT  nns.  The  minimum  detect^le  field  is 
0.07  mT  (very  close  to  the  sensitivity  of  the  polarimetric  itystem).  The  recording  time  of  each  point  in  the  calibration  curve 
was  rather  long  as  100  average  points  were  necessary  for  accurate  measurement  results. 


I 

•w  1SD 


MgieGciLKdQnsiV  (rriT) 


Fig.  8  Calibration  curve  for  the  magnetic  field  measuring  system  based  on  low  coherence 
interferometry  in  transmission. 


4.  CONCLUSIONS 

New  sensor  configurations  are  demonstrated  using  semimagnetic  crystals.  A  RF  techniques,  using  pulse  modulation  and 
time  selection  allows  only  one  down-lead  sensor  for  low  cost.  Low  coherence  interferometry  is  also  exploited  in  a  different 
configuration,  which  covld  open  ways  towards  multiplexing  of  such  sensors  in  path  imbalance  with  possible  remote 
interrogation. 
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ABSTRACT 

LabVIEW  is  a  consistent  development  and  execution  environment  that  provides  a  method  to  implement  various  tests  and 
systcms  Containing  stand  alone  laboratory  instruments.  This  paper  describes  a  virtual  instrument  created  in 
LabVIEW  that  facilitates  the  control  of  a  dual  channel  laser  power/energy  meter  through  a  computer  serial  port,  for 
accurate  laser  power/energy  data  logging  and  handling.  The  program  has  a  modularity  structure  and  could  be  easily  used 
in  conjunction  with  the  device  in  any  application  involving  laboratory  laser  power/energy  measurements.  The  program  was 
tested  with  very  good  results  for  the  characterization  of  diflferent  types  of  lasers  (semiconductor  laser  diodes,  gas  lasers  for 
low  level  laser  therapy  and  industrial  metrology). 

Keywords:  virtual  instrumentation,  remote  control,  real  time  laser  power/energy  monitoring 

1.  INTRODUCTION 

Most  of  the  aerospace,  industrial  and  medical  applications  based  on  laser  tystems  or  devices  require  at  a  rertain  point  the 
exact  knowledge  of  the  power/energy  within  the  ejqieriment.  For  example,  laser  diodes  used  in  conventional  optical  data¬ 
storage  and  -retrieval  systems  must  have  very  well-known  power  properties:  optical  recording  is  based  on  fc^sing  a 
rprtain  amnnnt  of  power  into  a  dif&action  limited  spot,  the  optical  power  density  of  that  spot  being  a  factor  that  mfluen^ 
the  maximum  rate  at  which  data  can  be  recorded'.  In  nonlinear  optics  field,  frequent-doubling  and  -tripling  efficiency  in 
nonlinear  crystals  is  determined  ty  measuring  second-  and  third-harmonic  output  as  a  function  of  fundamental  mput 
energ^.  In  medical  field,  the  heat  finm  absorbed  laser  energy  can  cause  small  arteries  to  contract  and  close,  the  blood 
losses  during  surgery  being  greatly  reduced^.  Also  in  the  medical  field,  power  stability  related  problems  that  oa^  at 
^vices  using  batteries  are  very  critical  and  must  be  well  known  in  orcter  to  avoid  them.  In  the  applications  mentioned 
above,  as  in  the  majority  of  the  l^ratory  experiments  working  with  lasers,  real  results  and  correct  conclusions  are  made 
possible  just  throu^  a  complete  knowledge  of  the  lasers’  characteristics,  including  power  and/or  energy,  power/energs^ 
density,  tiieir  stability,  etc. 

Because  a  dedicated  laboratory  set-up  is  very  complex  and  signals  that  must  be  acquire  or  simultaneously  monitored  could 
be  in  a  large  number,  a  complete  control  is  difficult  to  made.  Also,  the  instruments  used  could  have  proprietary  software 
that  works  alone  and  cannot  be  synchronized  with  the  rest  of  the  erqperiment.  An  elegant  solution  is  to  integrate  the  whole 
system  in  a  graphical  interfiice  program  that  accomplish  a  full  remote  control  for  the  instruments  and  a  real  time  data 
coUection/processing.  LabVIEW"  vras  design  for  such  controls/data  acquisitions  and  could  be  used  to  ^te  insttument 
inter&ces  for  various  modern  equipment's.  LabVIEW  programs,  or  Vis,  are  characterized  ly  a  modularity  and  hierarchy 
structure  because  any  VI  can  run  by  itself  or  be  used  as  part  of  another  VI''.  In  this  way  could  be  design  more  Vis  or 
subVIs  that  accnmplifih  different  tasks  and  could  be  quickly  modified  or  combined  for  any  experiment. 

2.  EXPERIMENTAL  SET-UP 

A  CTitipIp;  laser  power/energy  measuring  set-up  is  schematically  represented  in  Fig.  1.  An  C^hir  Optronics  Laserstar  <hM 
charmel  laser  power/energy  meter  is  used  to  monitor  the  power  and/or  energy  of  various  laser  sources.  Operating  with 
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theuuopile,  pyroelectric  and  photodiode  heads,  the  device  could  measure  laser  sources  emitting  at  wavelengths  from  UV  to 
fer  IR  domain,  at  powers  within  2nW  ^  150W  range  and  energies  between  O.lmJ  and  lOOJ®.  The  PD300-UV,  3A-P-CAL, 
F150A  and  PE25BB  measuring  heads  were  calibrated®’  ’  at  National  Physical  Laboratory  and  Swedish  National  Testing 
and  Research  In^rate,  in  the  frame  of  the  cooperation  the  Laser  Metrology  and  Standardization  Laboratory  have  with 
those  institutions*'’®. 

The  instrument  is  programmed  and  controlled  remotely  with  LabVlEW  through  an  RS-232  serial  port"’  A  second  head 
could  be  optionally  connected,  so  that  the  Laserstar  can  work  with  two  heads  at  once.  Depending  on  aHilication  or 
experimental  set-up,  a  focusing  optics  and  different  ^  of  filters  must  be  used  in  front  of  the  measuring  heads. 


IBM  PC  Compatible 


Fig.  1  An  integrated  laser  power/energy  measuring  set-up 

The  goal  in  the  development  of  this  program,  was  to  create  an  intuitive  virtual  instrument  that  simulates  the  physical 
device,  virtual  instrument  that  could  be  easily  adapted  practically  to  any  laboratory  laser  applications.  The  developed 
program  is  used  to  configure,  control  and  read  fi^om  the  laser  power/energy  meter,  and  to  allow  the  user  to  analyze  present 
or  previous  data  regarding  laser  power/energy  behavior. 

3.  USER  INTERACTION  AND  PROGRAM  EXECUTION 

Before  the  initiation  of  the  monitoring  process  the  user  enters  the  serial  port  number  to  which  the  laser  power/energy 
meter  is  connected,  as  well  as  the  baud  rate  utilized  in  the  communication  between  computer  and  device.  Depending  on 
application,  the  user  then  makes  the  option  to  use  a  single  or  a  dual  channel  configuration.  If  the  device  has  two  measuring 
heads  connected,  each  channels  could  be  use  independent,  which  means  that  when  a  head  measure  power,  the  other  can 
measure  energy  and  viceversa.  Next  the  user  choose  if  the  monitoring  process  takes  place  with  or  without  data  logging,  in 
the  first  case  being  specified  a  data  storage  interval.  The  program  could  be  used  not  only  for  real  time  laser  power/energy 
monitoring  and  logging,  but  also  for  the  visualization  of  the  previously  logged  data.  The  user  can  makfi  a  choice  in  this 
way,  before  running  time. 

When  the  program  is  started,  it  initializes  the  RS-232  communications  according  to  the  user  specifications  regarding  the 
serial  ^rt  number  and  the  baud  rate.  There  are  available  different  communications  rates,  the  maximum  being  38400  bps. 
If  the  initiation  of  the  communication  process  failed,  at  runtime  the  program  displays  a  dialog  box  with  buttons  that  the 
user  can  use  to  either  continue  or  stop  the  execution.  When  the  initiation  of  the  communication  process  complete 
successfully,  the  program  configures  the  device  for  one  of  the  several  measuring  options:  power  or  energy  on  channel  A, 
power  or  energy  on  channel  B,  the  difference/ratio  between  the  two  chaimels,  power  on  channel  A  and  energy  on  channel 
B,  or  energy  on  channel  A  and  power  on  channel  B.  The  commands  for  the  configurations  mentioned  above  are 
transmitted  to  the  instrument  throu^  a  dedicated  subVI  called  "Serial  command"  which  manage  the  communication  port 
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(write,  read,  buffer  clear)  for  any  instrument  command,  generate  values  for  two  error  indicators,  "Serial  Error"  and  "Read 
Timeout",  and  return  the  instrument  response  to  the  user. 

Using  two  push  buttons,  "Log  to  File"  and  "Data  View",  the  user  can  set-up  the  program  to  record  currently  monitored 
in  ♦.txt  files  type  respectively  to  view  previously  logged  files.  The  data  currently  monitored  as  well  as  previously 
logged  data  could  be  view  on  the  fi-ont  panel  of  the  virtual  instrument  on  two  different  chart  like  displays,  an  eventually 
comparison  being  very  easy  to  made.  If  "Log  to  Ffie"  button  is  pressed,  at  runtime  the  program  asks  the  user  to  specify  a 
file  to  create  or  replace  where  data  must  be  ra»rded,  and  then  begin  the  monitoring  process.  If  "Data  View"  button  is 
pressed,  at  runtime  the  program  prompts  the  user  for  a  file  to  open,  read  and  display  the  data  on  the  front  panel  then  stops 
the  execution 


When  the  program  is  running,  any  changes  regarding  the  device  configuration  could  be  made  through  the  part  of  the 
virtual  interfece  shown  in  Fig.  2,  which  is  in  feet,  the  simulated  firont  panel  of  the  stand  alone  device.  With  this  interfece, 
the  user  can  configure  the  power/energy  meter  depending  on  the  laser  or  lasers  involved  in  the  experiment  and  can  choose 
power  or  energy  screens  'on  the  run'.  Each  of  the  five  triangle  buttons  could  be  used,  exclusiveUy,  for  sending  to  the 
instrument  "soft  key"  fype  commands. 


Port  Number 


Ser.  Coimand 

6.  to  read 

1  -Elfi 

Read  Timeout 

Instr.  Response 

1  j 

m 

Serial  Error 

^  '03<4P' . 

1  0.73mW 

1  IZ.OxM 

30nU 

3P0^M  J 

i  laser  rar»e  menu  i 

Fig.  2  Part  of  the  virtual  instrument  representing  the  front  panel  of  the  stand  alone  device 

For  this  purpose,  a  simple  but  very  efficient  subVI  called  "Serial  ric-x"  was  build.  If  any  of  the  five  twttons  is  pressed,  the 
specific  displayed  in  the  menu  placed  at  the  bottom  of  the  simulated  (fevice  ^een  is  ti^mitt^  to  the 

instnunent  A  second  specially  design  subVL  called  "Serial  screen-dump",  working  in  conjunction  with  "Serial  dc-x  , 
proceed  at  an  inunftrfiatft  update  of  the  displayed  interfece.  In  this  way,  using  only  the  virtual  interfece  from  the  PC  screen, 
the  user  can  make  a  full  remote  control  of  the  device.  If  none  of  the  five  triangle  buttons  is  pressed  but  the  user  still  wants 
to  maVp  a  screen  update,  he  can  use  the  "Get  Screen"  button  placed  on  the  firont  panel  of  the  virtual  instrument. 

Pecansp  the  simulated  interfece  of  the  stand-alone  device  is  one  of  the  main  features  of  the  program,  in  the  following  we 
focus  on  the  way  that  "Serial  screen-dump"  subVI  was  build.  The  device  LCD  has  64  rows  and  each  row  has  240  pixels. 
One  of  the  t  fl«u»rgtar  mmmand  could  request  the  image  data  of  one  row  and  could  return  the  correspontog  240  pixels  in 
groups  of  4  and  encoded  as  hexadedmal  digits.  In  conclusion,  the  device  returns  74  characters  ftom  which  60  encryp  the 
LCD  row  image  data  and  14  are  used  as  delimiters. 

When  the  "Serial  screen-dump"  is  called  by  the  main  program,  it  initializes  the  serial  port  and  then  sends  a  conamand  that 
stops  the  instrument  writing  to  the  display.  This  operation  is  necessary  especially  when  the  power  and/or  energy  monitored 
rhangp  rapidly.  In  the  case  that  LCD  is  updated  ^uently  and  the  instrument  must  respond  to  an  image  data  request,  the 
encryption  process  would  be  impossible.  If  the  initialization  of  the  serial  port  or  the  communication  with  the  instrument 
failf/t  at  runtime  the  program  displays  a  dialog  box  with  buttons  which  prompt  the  user  to  either  continue  or  stop  the 
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execution  If  the  fireezing  operation  is  completed  successfully,  the  subVI  send  to  the  instrument  the  request  for  the  image 
bitmap  data  of  all  64  rows  of  the  LCD.  A  while  loop  iterates  64  times  and  send  commands,  receive  and  convert  the  data 
until  all  the  LCD  image  could  be  reproduce  on  the  front  panel  of  the  virtual  instrument  After  the  program  receives  first  set 
of  strings  r^resenting  the  encrypted  image  of  the  first  LCD  row,  the  delimiter  characters  are  extracted,  the  remain  60*s  are 
converted  from  hexadecimal  to  binary  representation  and  the  process  is  rerun.  A  ’build  array*  function  places  the  converted 
resulting  data  of  all  64  rows  in  top  to  bottom  order  in  this  way  being  obtained  the  exact  screen  of  the  device.  When  the 
screen  update  is  complete,  the  subVI  send  to  the  instrument  a  command  that  restarts  the  instrument  writing  to  the  display. 
As  an  example  of  LabVIEW  graphical  programming,  in  Fig.  3  is  shown  the  part  of  the  block  diagram  that  extract  the 
delirmter  characters  and  convert  the  strings  from  hexadecimal  to  binary  representation. 


Fig.  3  Part  of  the  "Serial  screen-dump"  subVI  block  diagram 

Returning  at  the  main  virtual  instrument  execution,  when  the  monitoring  process  takes  place,  the  program  waits  until  the 
user  clicks  the  ”Get  Power/Energy”  button  place  on  the  front  panel.  Once  this  is  pushed,  he  sends  the  command  to  the 
device  that  previously  was  configured  for  a  specific  type  of  measurement.  The  stand-alone  instrument  respond  to  the 
request  and  begin  to  transmit  the  power  and/or  energy  readings  to  the  virtual  instrument.  The  process  takes  place  with  or 
wiAout  data  logging  for  a  specified  time  interval  or  until  the  user  stops  the  program.  Other  two  dedicated  subVI  were 
built,  "Serial  p/e  string-chart  conversion"  and  "Serial  log-view  file",  one  for  an  intuitive  interpretation  of  the  device 
response  and  the  other  for  an  easy  management  of  the  data  that  must  be  recorded  or  read  in/from  files. 

4.  PROGRAM  FEATURES 

Ophir  Optronics  provides  a  data  interface  program  (running  m  Windows)  for  the  Laserstar  instrument,  but  this  software 
application  does  not  include  an  interface  similar  to  the  physical  instrument  as  in  our  case.  Other  advantages  of  the  virtual 
instrument  developed  here  are: 

-  a  fiiendly  user  interface  that  allow  to  control  and  optimize  a  monitoring  process  just  through  mouse  ’point  and 
click*  actions; 

-  a  full  access  to  any  of  the  stand  alone  device  configurations  or  settings; 

-  a  modularity  structure  based  on  six  specially  design  subVI  which  make  our  program  easy  to  modify  depending 
on  application  and  which  could  be  exported  as  a  library  to  other  Windows  platform; 

-  a  simultaneously  graph-like  visualization  of  the  currently  monitored  and  previously  logged  data; 

The  power  or  energy  currently  monitored  is  displayed  in  both  digital  and  analog  form  at  the  same  time.  Statistical 
parameters  like  mean  and  standard  deviation  are  calculated  and  displayed  for  power  as  well  as  for  energy  measurements. 
In  power  measurements,  a  second  digital  indicator  displays  the  values  corresponding  to  a  logarithmic  scale  (dBm).  Fig.  4 
presents  the  part  of  the  virtual  interface  that  contain  the  buttons  and  controls  mentioned  m  section  three,  and  the 
analog/digital  indicators  for  both  charmels  of  the  instrument. 
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^^lart  from  the  two  principal  modes  of  operation,  "Data  Visualization"  and  "Real  Time  Power/Energy  Monitoring",  the 
program  has  a  third  type  of  running.  "Terminal"  mode  enables  the  user  to  verify  the  communication  between  colter  and 
instrument  and  to  make  brief  tests  before  the  beginning  of  any  measurement  procedure.  The  "Terminal  Mode"  push-like 
placed  on  the  front  panel  of  the  virtual  instrument,  makes  this  operation  mode  available.  A  string-fype  control 
called  "Command"  is  used  for  sending  to  the  instrument  one  command  at  a  time,  a  corresponding  indicator  returning  to 
the  user  the  instrument  reqwnse. 


T  erminal  Mode  Power  X  (mW) 


Power  X  (dBm) 


Power  B  (mW) 


?:OFF- 


Data  view 


iViewoTf. 


0.0700 


ai919l  1-7.17 


Power  B  (dBm) 


I 


Standard  Deviation  X 

I 


MeanX 

10.10 


Standard  Deviation  B 


Mean  B 
1017^^ 


Fig.  4  The  power  or  energy  currently  monitored  is  displayed  in  both  digital  and  analog  form 

The  data  is  recorded  in  columns  the  program  in  ASCH  text  format  file,  and  could  be  easily  exported  to  spreadsheets. 
The  program  could  be  integrate  in  a  more  complex  laboratory  aiplication  and  could  be  configure  to  control  other  (tevices 
or  processes. 


5.  A  SET-UP  FOR  LASER  METROLOGY 

In  Fig.  5  is  depicted  a  complex  set-up  to  be  used  for  the  characterization  of  different  types  of  lasers;  CW  lasers  and  pulse 
lasers.  The  main  parameters  to  be  assessed  are:  laser  power/energy,  wavelength,  longitudinal  mode  structure,  transversal 
mode  structure,  temporal  pulse  variation. 

The  set-up,  as  it  is  built,  indues  in  feet  several  experimental  structures,  which  could  be  combined  according  to  practical 
needs.  The  radiation  source  can  be  a  CW  or  a  pulse  operating  one,  emitting  one  or  several  wavelengths  simultaneously 
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(i.e.  He-Ne,  He-Cd,  CO2,  CW  semiconductor  or  solid-state  lasers),  or  can  be  a  tunable  laser  (semiconductor  or  solid-state). 
The  set-up  accommodate  also  the  evaluation  of  some  semiconductor  laser  for  optical  communication  use. 


Fig.  5  1  -  CW  laser,  2  -  pulse  laser;  3  -  tunable  laser,  4  -  semiconductor  laser,  5  -  tiiggering/synchronization  system;  6  -  wavelength 
selector,  7  -  driver/controller,  8  -  digital  oscilloscope;  9  -  fast  detector,  10  -  optical  spectrum  analyzer,  1 1-  low  noise  detector,  12  -  wide¬ 
band  detector;  13  -  wavelength  meter,  14  -  detecting  system;  15  -  laser  beam  analyzer,  16  -  broad-band  CCD  camera;  17  -  pyroelectric 
camera;  18  -  power/energy  meter,  19  -  Si  detector,  20  -  thermopile  detector,  21  -  pyroelectric  detector,  22  -  serial/GPIB  interface;  23  - 

PC;  24  -  network  interface;  25  -  Internet  connection 

To  evaluate  temporal  characteristics  of  some  laser  products  adequate  detectors  with  special  characteristics  (rise  time, 
spectral  response,  noise,  etc.)  are  used,  working  in  conjunction  with  a  DSO,  for  data  acquisition  and  processing.  The  DSO 
operation  can  be  also  remotely  controlled  by  the  PC,  throu^  special  LabVIEW  procedures  for  instrumentation  (serial  or 
GPIB,  as  appropriate).  In  order  to  estimate  the  spatial  distribution  of  the  laser  power  or  energy  for  medical  or  industrial 
applications,  or  to  evaluate  the  power/energy  density  characteristics  of  some  components  for  optical  communication,  a 
laser  beam  analyzer  is  recommended.  For  a  stand  alone  analyzer,  special  Vis  for  instrumentation  control  through  a  GPIB 
connection  were  developed.  The  most  used  investigations  on  laser  systems  are  those  related  to  power/energy  evaluations. 
The  LabVIEW  control  just  described  fits  this  niche. 
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ABSTRACT 

In  optical  design  appUcations  for  night  vision  systems  they  are  situations  wh®  an  optical  ^stem  have  ^  in  mi^e 
configurations  Tte  paper  speak  about  such  a  situation  when  an  eyepiece  have  to  combine  the  image  firom  u^e 
intenito  screen  withfte  image  of  the  symbology  needed  for  gun  aiming.  We  use  the  Multi-Config  Zemax  fecihty,  wA 
the  acSnt  on  the  necessary  operations  and  delicate  points  of  the  optical  design  process.  We  present  some  results  for  a  real 

situation. 

Keywords:  night  vision,  optical  system,  image  intensifier  tube  (ITT),  optical  design,  merit  fimction,  multi-configuration, 
optimization,  tolerances,  RMS  spot,  MTF. 

1.  INTRODUCTION 

Generallv  speaking,  in  night  vision  sights  appears  the  necessity  to  inject  some  informations  and  ^Mogy  “ 
view  If  these  are  optically  injected  in  the  eyepiece,  then  the  eyepiece  have  to  be  designed  to  work  m  the  same  time  for  two 
three  or  more  diffe^t  configurations,  for  different  fields  and  wavelengths.  Also,  the  optimization  process  for  &e  ey®P*^ 
^cal  system  have  to  take  in  account  the  necessity  to  correlate  the  parameters  for  all  the  configurations,  m  such  a  way  that 
all  the  technical  specifications  to  be  meet,  in  efticient  conditions  of  price-quahty. 

For  this  ouroose  we  used  the  Multi-Config  facility  of  the  Zemax  optical  design  program,  on  the  base  of  a  correct  constru^ 
merit  fun^  This  Zemax  capabihty  is  used  for  defining,  analyzing  and  optimizmg  optical  system  ^  aK 
configurations’  Multi-configurations  are  used  to  design  zoom  lenses,  or  to  optimize  lenses  tested  arid  used  at  ^ 
wa^S»s,  or  optical  s:^tS?used  in  various  configurations,  to  name  a  few  .  However,  it  requires  a  httle  more  care  and 

practice  to  become  proficient 

2.  WORK  CONDITIONS  AND  SYSTEM  OPTIMIZATION 

T  he  our  uroblem  to  design  an  eyepiece  system  for  night  vision  sights,  that  work  in  three  different  coagulations  (^g. 
!)•  on^di^way  A  for  throbservation  of  the  target  from  the  image  intensifier  scree^  and  one  way  B,  oto  two 
different  wavs  in  two  different  wavelengths  and  fields,  for  the  observation  of  the  symbology  used  for  aimmg.  For  all  these 
configuratiOTs’we  have;  EFFL  of  the  eyepiece  (f ,  in  mm),  exit  pupil  diamrter  of  the^epiece  (d,  m 
S  Aee^iece  (z  in  mm).  For  A  way,  we  have;  image  field  w,  (mm),  image  field  radius  of  curvature  (r^,  in  mm), 
waveleS  (X,  to  nm)  For  B  way,  we  have;  image  fields  (w2  and  wj,  to  mm),  image  fields  radius  of  curvature  (r^,^  m 
S!  ^ekn^";  anS  ^..uTnm).  Also,  there  are  some  more  configurations  for  each  diopter  adjustment  position 
between  -4  and  +4  DpL  At  the  end,  we  have  14  different  configurations  to  optimize. 

The  first  step  is  to  define  the  configurations.  It  is  a  good  idea  to  start  with  the  most  complex  configuration  first  In  our  case, 
the  basic  configuration  is  the  way  A  at  0  Dpt’ . 

Ona  ws  tove  the  tasie  cohfigiuation  deftaed,  h  is  time  to  tfclitte  the  rest  of  the  eottfigi^W^  variadotts  of  the 
first  The  first  configuration  does  no  need  to  be  optimized  yet;  we  will  optimize  across  configurations  later. 

*  Correspondence;  E-mail;  acttm@icda.mtaro;  Telephone/&x;004014233052 


In  SIOEL  ’99:  Sixth  Symposium  on  Optoeiectronics,  Teodor  Necsoiu,  Maria  Robu,  Dan  C.  Dumitras,  Editors, 
Proceedings  of  SPiE  Vol.  4068  (2000)  •  0277-786X/00/$15.00 


Berai^  the  system  is  mtended  to  be  use  in  a  night  vision  device,  after  an  initial  optimization  process  based  on  the  RMS 
spot  cmen^  we  wftl  use  a  MTF  based  merit  fimction,  especially  for  the  direct  w^  A  .  It  is  very  important  to  well  define  the 
ment  fimction  and  the  vanables.  Also,  it  is  important  to  keep  the  same  parameters  values  for  different  diopter  adjustment 
positions,  usmg  pick-up  facihty. 


The  optical  ^rtem  will  be  oriented  to  the  desired  target  if  the  merit  fimction  is  well  build  and  if  the  designer  takes  the 
control  durmg  the  optimization  process. 


3.  RESULTS 

In  the  earher  presented  conditions,  for  f =30mm,  d=10min,  z=30inm,  rnT=40mm,  Wi=17.5mm,  W2=6.5mni,  W3=7.5min, 
rgrat=mfinity,  li=500...590nm,  A2=550nm,  X3=655nm,  we  have  obtained  the  configurations  from  Figs.  2  and  3.  There  is  a 
cordon  portion  of  the  ^stem  (first  five  lenses),  moveable  for  diopter  adjustment,  and  a  variable  portion,  diffprsnt  for  p^rVi 
m  three  basic  configurations  (the  beamsplitter  and  the  last  lens).  Only  two  types  of  glass  were  used  for  lenses'  SK5  and  SF4 
The  beamsplitter  glass  type  is  BK7. 


The  optimization  process  was  based  on  the  RMS  spot  criteria,  along  the  entire  14  configuration  in  the  same  time. 

The  most  in^jortant  image  cpiality  indicators  (MTF,  Spot  Diagram,  Encircled  Energy  Diagram),  obtained  after  the 
optimization,  for  the  A  and  B  configurations  at  0  Dpt,  are  presented  in  Figs.  4,  5, 6,  7,  8  and  9. 
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GRATICULES  WRY  F' =30MM 

MON  SEP  6  1999 

TOTAL  TRACK :  103.13713  MM 


LAYOUT 


Fig.3  Graticules  way  configuration 


_ POLYCHROMATIC  GEOMETRIC  MODULATION  TRANSFER  FUNCTION 

DIRECT  IIT  WAY  F‘ =30MM  ” 

MON  SEP  6  1999 

MTF  FOR  0.5000  TO  0.5900  MICRONS. 


Fig.  4  Polychromatic  MTF  for  direct  ET  way  configuration 


Fig.7  RMS  spot  radius  for  graticule  way  configuration.  Smm  field  and  655mn 


Fig.8  Fraction  of  encircled  energy  for  graticule  way  configuration 


4.  CONCLUSIONS 

The  multi-configuration  optical  systems  can  be  designed  using  the  Multi-Config  Zemax  program  facility.  The  attention  of 
the  designer  have  to  be  concentrated  to  establish  correctly  the  configurations,  to  well  define  the  merit  function  and  the 
variable  parameters  for  optimization  and  to  correlate  the  system  characteristics  over  aU  the  configurations  in  such  a  way  that 
the  final  system  to  correspond  for  its  destination. 
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ABSTRACT 

This  paper  investigates  the  feasibility  of  using  of  an  opticaUy  power  sensor  head  ^  part  of  an  intelligent  sensor  by  ®eans 
a  model  realised  using  MSI  (medium-scale  integration)  CMOS  integrated  circuits,  with  a  view  to  a  ASIC 

(application-specific  integrated  circuit)  version.  Measurements  was  made  under  control  of  commands  transrmtted  along  toe 
optical  power  line  and  digital  data  returned.  This  was  achieved  with  an  electrical  power  at  the  sensor  head  of  less  than  100 
p,W,  enabling  the  system  to  operate  with  an  optical  power  of  1  mW. 

Keywords:  TntpQigpnr  sensors,  optical  fiber  sensors,  medium-scale  integration  (MSI),  optical  power,  sensor  head. 

1.  INTRODUCTION 

The  modem  instrumentation  intelligence  and  the  technological  possibilities  offer^  by  the  miaoelectronics  development 
have  contributed  to  the  appearance  of  the  intelligent  sensor  concept.  An  intelligent  sensor  mainly  corresponds  of  the 
integration  in  his  body  of  an  internal  calculation  unit  (microprocessor,  controller),  a  signal  conditiomng  ^^m 
(programmable  or  controlled)  and  a  communication  interface’.  Therefore  the  intelligent  sensors  are  devices  capable  to 
detect,  measure,  transform,  date  and  process  the  collected  data  with  a  view  of  them  communication  to  other  umts  of  the 
system  in  which  they  are  integrated.  In  recent  years  intelligent  sensors  have  developed  firom  an  ac^emic  idea  mto  practicm 
and  powerful  devices  and  in  this  way  concepts  such  as  reconfiguration  allow  them  to  be  self  testing  and  auto-cahbratmg , 
thereby  overcoming  the  reliability  problems  associated  with  complexity. 

Optical  fiber  sensor  are  not  longer  a  subject  for  laboratory  research  only,  but  a  very  attractive  solution  for 
industrial  apphcations,  because  of  their  advantages;  small  size,  immunity  to  int^erence  firom  electncal  and  ma^etic  fields, 
total  safety  in  explosive  enviromnents,  chemical  inertness,  intrinsic  galvanic  isolation.  The  general  structure  of  an  optical 
fiber  sensor  is  inesented  in  Fig.  1 . 


Fig.  1  The  general  structure  of  an  optical  fiber  sensor 
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One  can  delimit  two  sections:  the  optical  section,  where  the  measurand  produces  the  variation  or  modulation  of  one  of  the 
light  parameters  and  the  electronic  section,  where  the  optical  modulated  signal  is  converted  to  an  electrical  signal  whidi 
may  be  further  electronically  processed.  There  is  an  active  zone  in  the  optical  section  on  whidi  the  size  of  measuring  will 
act,  creating  changes  of  propagation  the  light  radiation.  The  active  zone  may  be  a  section  of  the  optical  fiber  or  other  optical 
medium  outside  the  fiber.  That  is  why  one  prefers  the  name  of  “optical  fiber  sensors”  to  other  variants  as  “optical  sensors” 
or  “sensors  of  optical  fibers”. 

Thus  the  optical  fiber  sensors  are  useful  where  is  an  intrinsic  safety  requirement,  where  electromagnetic  interference  is  rife 
or  where  is  need  to  operate  at  an  elevated  electrical  potential.  If  inteUigetice  is  to  be  provided,  at  least  some  sort  of  electrical 
subsystem  must  be  at  a  sensor  head  and  power  must  be  supplied  to  it. 

Hybrid  optical  fibre  sensors  in  which  power  is  supply  optically  to  power  a  sensor,  which  then  returns  an  optical  signal,  have 
been  proposed  as  a  method  of  overcoming  the  IMtations  of  the  all  optical  fibre  sensors  and  enable  the  ac^antages  of  well  - 
established,  conventional  sensor  types  to  be  combined  with  the  advantages  of  galvanic  isolation  derived  fi:om  the  use  of 
optical  fibres^.  Some  of  these  schemes  have  used  an  electrically  excited  sensor  to  act  directly  as  a  light  modulator,  but  more 
usually  the  electrical  power  has  been  used  to  excite  the  sensor,  make  the  measurement  using  conventional  electronic 
techmque  and  then  convert  the  data  back  to  a  modulated  optical  signal.  The  sensor  concept  described  here  uses  this  latter 
anjroach,  but  extends  the  fimction  of  the  sensor  head  to  permit  other  operations  to  be  performed  to  enable  calibration  or 
compensation  of  the  sensor  under  the  control  of  a  sub-controller  at  the  other  end  of  the  optical  link. 

2.  OVERVIEW  OF  THE  OVERALL  SYSTEM  CONCEPTS 

While  it  is  possible  to  deliver  several  watts  of  optical  power  down  an  optical  fiber,  in  practice  it  is  generally  desirable  to 
limit  the  power  to  a  much  lower  level.  This  is  certainly  true  if  the  system  is  to  be  used  where  there  is  risk  of  an  explosive  or 
flammable  atmosphere.  Laser  sources  capable  of  supplying  a  power  of  the  order  of  1  W  continuously,  but  are  very 
expensive,  while  lower-power  laser-diode  sources  that  produce  1-20  mW  are  very  much  cheaper.  The  efficiency  with  which 
optical  power  may  be  converted  to  electrical  power  is  typically  about  10  %,  so  that  a  reahstic  figure  for  the  electrical  power 
available  for  the  sensor  is  less  than  1  mW. 

For  an  optically  power  sensor,  the  limited  electrical  power  available  severely  restricts  the  scope  for  providing  significant 
processing  power  at  the  sensor  head.  It  has  been  demonstrated  that  a  low-power  microcontroller  may  be  operated  using 
power  supplied  optically,  but  the  power  required  is  very  much  greater  than  considered  here.  The  alternative  approach  is  to 
modify  the  intelligent  sensor  concept  somewhat  and  to  separate  the  sensor  fi*om  the  microcontroller  which  performs  the 
intelhgent  control  functions,  the  two  parts  of  the  system  being  linked  by  optical  fibers  to  supply  power  and  provide 
bidirectional  data  communications  between  the  controller  and  the  sensor  heai  this  being  illustrated  in  Fig.2. 


Fig.  2  An  optically  powered  sensor  system 

As  shown  in  Fig.  2,  a  single  sensor  is  cormected  to  its  power  source  and  controllers  using  two  optical  fibers,  one  to  carry 
power  and  control  data  to  the  sensor  head  and  a  second  fiber  to  return  the  data.  While  in  principle  the  two  functions  could 
use  bidirectional  transmission  down  a  single  fiber,  the  added  complexity  and  cost  associated  with  the  bidirectional  optical 
couplers  and  the  need  avoid  cross-talk  would  not  te  justified  in  view  of  the  relatively  small  cost  of  a  second  fiber.  The  data 
communications  to  the  sensor  head  are  easily  multiplexed  with  the  power  delivery.  Althou^  in  Fig.  2  only  one  sensor  is 
shown  associated  wit  the  sensor  head,  in  practice  several  sensors  may  be  multiplexed  onto  the  fiber  data  link  This  may  be 
required  to  provide  compensation  to  correct  for  across-sensitivities  of  the  sensor  (s),  e.g.  temperature  compensatioa 
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InteUigent  controller  to  perform  measurement,  calibration  or  testing  routines  may  control  the  configuration  of  the  sensors 
and  their  sampling  sequence. 

A  question  is  whether  to  return  data  from  the  sensor  head  in  analogue  or  digital  format.  Analogue  transmission  can  be 
achieved  with  good  power  efficiency  by  using  pulse  modulation,  using  the  time  separation  of  two  short  pulses  to  represent 
the  analogue  data.  By  using  pulses  that  are  short  compared  with  the  time  separation  of  the  pulse  pair,  and  short  compared 
with  the  time  between  data  samples,  the  mean  power  required  for  data  transmission  can  be  kept  very  small.  Digital 
transmission  of  the  data  requires  the  transmission  of  more  pulses,  but  again  they  may  be  of  short  duration.  In  practice  the 
power  required  for  digital  data  transmission  may  be  much  less  than  the  needed  for  making  the  measurement.  The  main 
overhead  associated  with  digital  data  transmission,  as  far  as  the  power  consumption  is  concerned,  is  the  analog-to-digital 
conversion.  However,  CMOS  successive  approximation  converters  using  balancing  techniques  are  able  to  provide  good 
performance  with  low  consunqition  and  have  the  merit  of  providing  serial  data  in  a  reaify  form  for  transmission. 

The  decision  whether  to  adopt  analogue  or  digital  data  transmission  is  not  clear-cut  Either  form  of  data  transmission  coidd 
provide  a  satis&ctory  solution.  In  the  event,  digital  transmission  has  been  chosen  for  the  demonstrator  since  it  avoids 
degradation  of  the  cignal  by  noise  during  transmission  and  it  minimizes  the  need  for  analogue  signal  processing  in  the 
sensor  head  Suitable  micropower  ADCs  are  readily  available. 

3.  THE  DEMONSTRATOR  SYSTEM 

As  discussed  previously,  bidirectional  transmission  of  power  and  data  analog  a  single  fiber  is  generally  undeskable.  Hence 
it  is  p'oposed  that  two  optical  fibers  should  be  used;  one  to  transmit  power  and  data  to  the  sensor  head,  and  one  to  return  the 
Data  may  easily  be  encoded  onto  the  optical  power  line  with  little  loss  of  power  transfer.  If  a  photocell  ^y  is  used  as 
the  power  converter,  then  the  power  supply  may  be  modulated  either  with  pulses  of  increased  power  superimposed  on  the 
optical  power  supply,  or,  more  practically,  as  short  notches  of  decreased  power.  If  the  single  photocell  with  power  converter 
is  chosen  as  the  power  conversion  system,  the  optical  power  supply  must  chopped.  In  this  case  the  easiest  way  to 
superimpose  control  data  is  to  modulate  the  chopping  frequency. 

The  optical  power  delivered  to  the  sensor  head  must  be  converted  to  electrical  power  using  a  photovoltaic  diode,  or  an  array 
of  such  diodes.  The  li^t  should  have  a  wavelength  in  the  near  infiared  region  (800-1000  nm)  to  ensure  that  the  loss  in  the 
optical  fibers  is  small.  This  range  of  wavelengths  permits  the  use  of  Si  or  GaAs  photovoltaic  cells  that  have  an  efficieiicy  of 
abom  10-20  %.  The  terminal  voltage  for  a  Si  photovoltaic  cell  is  about  0.4-0.5  V  when  the  cell  is  producing  maximum 
power,  for  a  GaAs  cell  it  is  about  0.6  V.  The  voltage  from  a  single  cell  is  too  small  to  be  of  direct  use  to  power  an  electronic 
circuit,  so  it  is  therefore  necessary  to  use  some  either  an  array  of  cells  in  series,  or  some  form  of  up-conversion. 

The  use  of  photovoltaic  arrays  for  powering  sensors  has  been  described  by  a  number  of  authors^’  \  'Hiis  api^ach  has  the 
advantage  of  simplicity,  but  needs  a  suitable  array  of  small-area  diodes,  electncally  connected  in  series.  A  di^Amirage  is 
that  the  current  is  limited  by  the  photodiode  with  the  smallest  output,  either  due  to  its  low  efficiency  or  unequal  distnbution 
of  illumination^.  The  alternative  approach  is  to  use  a  single  photodiode  and  an  electronic  powCT  converter  to  step  i^i  the 
voltage.  The  use  of  a  converter  leads  to  some  decrease  in  overall  efficiency,  but  no  more  flian  is  incurred  in  diode  amys. 
The  winciple  disadvantage  of  using  a  d.c.-d.c.  power  converter  is  that  it  requires  an  inductance  or  trairformer,  which  is 
relatively  bulky  and  in  the  event  of  a  fault  may  present  an  increased  hazard  if  the  system  is  to  be  used  in  a  flamm^le  or 
eiqrlosive  atmosphere. 

The  Hpmnnctratnr  iqrstem®  uses  a  single  photocell  and  power  converter,  hence,  digital  commands  are  transited  to  the 
sensor  head  by  mndulating  the  chopping  frequency  of  the  power  supply.  Doubling  the  period  while  maintainmg  the  ^ty 
ratio  Tnivtiiiatpg  the  fiequency .  Each  data  bit  lasts  for  one  cycle  of  the  power  modulation.  A  lengthened  cycle  corresponds  to 
a  ‘1’,  while  a  normal-length  cycle  corresponds  to  a  ‘O’.  The  control  data  are  transmitted  ^  a  serial  word  with  one  ^  bit 
and  three  bits.  Longer  words  could  of  course  be  used,  but  initially  it  was  felt  that  ei^t  codes  would  be  sufficient  for 
rimpiR  control.  The  of  period  has  only  a  small  effect  on  the  efficiency  of  the  power  conversion. 

The  modulation  of  the  optical  sources  is  picked  off  from  the  power  converter  and  is  converted  to  a  logic  signal,  which  is 
monitored  to  detect  and  decode  the  data  transmitted  to  the  sensor  head  The  maik-to-space  ratio  of  the  modulation  is  about 
91  With  a  peak  optical  power  of  2  mW  delivered  to  the  jAotodiode,  the  electrical  power  is  about  160  pW  after  conversion 


635 


to  2.5  V.  The  signal  is  demodulated  using  a  very  simple  period  detection  circuit,  which  is  based,  upon  charging  a  capacitor 
while  the  optical  power  is  on  and  discharging  the  capacitor  while  it  is  off.  When  the  period  is  long  the  capacitor  charges 
above  a  preset  level  and  a  ‘1’  is  registered  When  the  first ‘T  is  detected,  it  and  the  next  three  bits  are  stored  in  a  shift 
register.  When  the  shift  register  is  full  the  sequence  required  by  command  is  implemented  The  modulation  signal  is  also 
used  as  an  internal  clock,  with  a  nominal  frequency  of  2  kHz,  for  controlling  the  operation  of  the  sensor  head 

The  data  are  transmitted  back  to  the  controller  as  a  serial  data  stream.  The  key  requirement  is  that  the  data  must  be  sent  in  a 
form  that  keeps  the  total  power  required  within  the  available  power  budget.  The  power  necessary  to  drive  an  LED  is  about 
20  mW  (2  V  at  10  mA);  thus  it  is  necessary  to  use  a  pulse-encoded  modulation  that  requires  a  RTnall  duty  ratio  in  order  to 
bring  the  mean  power  consumption  down  to  a  few  microwatts.  This  could  be  achieved  using  analogue  encoding  with  the 
separation  of  the  two  short  pulses  to  encode  the  data.  This  is  probably  the  most  energy-efficient  method  However,  analogue 
data  transmission  is  always  vulnerable  to  degradation,  so  there  is  considerable  advantage  in  transmitting  the  data  in  digital 
form  where  possible.  Digital  data  must  again  be  sent  as  a  train  of  short  pulses  vrith  a  low  duty  ratio.  The  data  may  be 
encoding  using  either  a  simple  scheme  in  which  the  presence  of  a  pulse  represents  a  T’  and  the  absence  a  ‘O’,  or  if  greater 
checking  of  data  validity  is  required,  a  pulse  position  modulation  scheme  mi^t  be  preferred 

A  simplified  schematic  diagram  of  the  demonstrator  system^  is  shown  in  Fig.  3. 


Kg.  3  The  schematic  diagram  of  the  demonstrator  system 

The  objective  is  to  produce  a  system,  which  iirplement  bidirectional  communications,  using  the  optical  power  line  to 
transmit  commands  to  the  sensor  head  and  a  second  fiber  to  return  digital  data.  The  range  of  eight  commands  is  used  to 
select  a  sensor,  perform  a  zero-level  measurement,  monitor  the  power  supply  voltage,  etc.  as  required  The  system  has  been 
implemented  using  standard  CMOS  integrated  circuits  for  the  logic  (HC  series),  while  the  DC  is  an  LTC  1298.  The  LTC 
1298  is  a  micropower  circuit,  which  provides  a  12-bit  conversion  using  the  digital  data  in  serial  form  as  the  conversion 
proceeds. 

In  operation  the  sensor  head  is  normally  in  a  quiescent  state  power  supplied  only  to  those  parts  of  the  itystem  necessaiy  to 
monitor  the  power  bus  and  receive  and  decode  incoming  commands.  On  receipt  of  a  command  the  25  kHz  clock  is 
energized,  the  data  channel  appropriate  to  the  command  is  selected  (a  sensor,  siQ>ply-line  voltage,  zero  offset,  etc.),  the 
sensor  is  ener^ed  if  necessary  and  power  is  supphedto  the  ADC.  After  16  cycles  of  the  25  kHz  clock  the  start  conversion 
signal  is  provided  for  the  ADC,  the  conversion  performed  and  the  data  transferred  to  the  shift  register.  The  clock  is  stopied 
as  soon  as  the  conversion  is  complete  (after  32  cycles)  to  minimize  power  consumptioiL  This  sequence  is  illustrated  in 
Fig,4,  the  whole  conversion  taking  1.28  ms. 

One  the  conversion  is  complete  the  final  phase  of  the  measurement  cycle  is  to  step  the  data  out  fi'om  the  shift  register  using 
the  2  kHz  clock  derived  from  the  power  supply  line.  The  data  from  the  shift  register  are  passed  to  a  pulse  generator  that 


636 


generates  short  pulses,  in  synchrony  with  the  modulation  of  the  power  supply  line.  These  pulses  are  converted  to  an  optical 
signal  using  an  LED,  and  returned  to  the  main  i^stem  controller. 

The  data  are  transmitted  with  a  word  length  of  12  bits  and  a  single  start  bit.  Since  the  transfer  of  ^ta  from  the  shift  the  2 
kHz  clock,  the  data  pulses  are  synchronous  with  the  clock,  which  could  be  used  in  the  receiver  to  improve  the  checking  of 
data  validity,  controls  register.  With  a  pulse  length  of  1  ps  the  total  energy  required  to  send  a  single  word  is  around  0.25  pj. 
Hence,  at  a  data  rate  of  10  words  per  second  the  power  requirement  for  data  transmission  is  around  2.5  pW,  a  reasonable 
figure  when  compared  with  the  available  power  budget  of  around  150  pW. 


Start  conversion 
Command 

25  kHz  clock 


32  clock  cycles 


Enable  sensor  &  ADC 


Start  conversion 


Transfer  data  to  shift  register 


Rg.  4  Sequence  to  convert  data 

The  sensor  used  during  the  developnient  of  the  demonstrator  has  been  a  load  cell  with  a  thick-film  strain-gauge  bridge, 
although  a  wide  range  of  sensor  types  is  possible  provided  they  can  be  powered  up  for  a  period  of  around  1  ms  md  settle  in 
a  timft  of  around  0.5  ms.  Obviously  the  more  energy  required  for  the  measurement,  the  lower  the  maximum  repetition  rate. 

The  power  consumed  by  system  is  modest  at  around  57  pW  (22  pA  at  2.6  V)  at  a  sampling  rate  of  10  samples  per  second.  A 
significant  fiuction  of  the  power  consumed  from  this  part  of  the  circuit  rises  with  die  data  rate.  There  is  ^so  signific^t 
power  consumption  by  those  parts  of  the  circuit  that  must  operate  continuously,  the  2  kHz  and  the  circuit  for  (tecoding 
inmming  commands,  but  useful  savings  should  be  possible  here. 

4.  CONCLUSIONS 

The  more  and  more  stressed  automation  of  the  consumer  products  was  disturbed  by  the  la^g  betod  of  the  sensors 
development  and  in  this  way  was  diBiised  the  new  concept  of  the  intelligent  sensor  for  to  compensate  this  lagging  behind  of 
the  sensors  development.  The  research  in  the  intelligent  sensors  domain  requires  a  team  of  experts  from  several  disciplines, 
this  multidisciplinary  effort  being  characterized  by  long  development  times,  in  this  way  the  co-operation  between  mdustry 
and  research  being  desirable. 

The  demonstrator  system  has  ^own  that  the  concept  of  an  optically  powered  sensor  head  as  of  an  intelligmt  sraror 
system  is  even  when  the  optical  power  is  restricted  to  only  a  few  milhwatts.  A  practical  miplementation  of  the 

system,  would,  however,  require  the  development  of  a  low-voltage  ASIC  to  provide  the  logic  for  the  control  and  data 
communications.  This  would  not  only  reduce  the  size  greatly;  it  would  also  help  reduce  powCT  consumptioa  With  the 
available  of  low-voltage  CMOS  processes  this  would  ai^iear  to  be  a  pactical  poposition.  To  be  viable  such  an  ASIC  would 
have  to  be  flexible,  so  that  one  design  could  operate  with  a  range  of  sensors,  and  for  a  wide  range  of  applications. 

The  decision  to  use  a  single  photocell  with  an  up-converter  for  power  conversion  was  pomped  by  the  s^licity  of  the 
scheme  However,  the  inductor  that  is  required  for  efficient  voltage  conversion  is  inevitably  rather  large  (with  a  volume  of 
order  10^'  mm^).  Increasing  the  frequency  of  the  modulation  of  the  power  supply  reduces  the  required  inductance,  and  hence 
the  inductor  size,  but  the  conversion  efficiency  then  falls  owing  to  the  stray  capaatance  of  the  photocell  and  other 
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components.  The  other  cause  for  concern  is  that  in  a  flammable  atmosphere.  The  stored  energy  is  small,  2-3  pj,  but  if  the 
current  path  tfarougb  the  inductor  is  broken  the  voltage  could  rise  to  sparking  potential. 

Current  work  on  the  development  of  an  ASIC  version  of  the  system  is  aimed  at  mitigatiTig  some  of  these  problems. 
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ABSTRACT 

Thermal  imaging  converts  the  infiared  (IR)  radiation  of  a  scene  into  a  live  picture  of  that  s(«ne;  the  ther^  i^ge  is  a 
pictorial  representation  of  temperature  dififerences.  One  of  the  most  pnmising  new  sensors  for  thermal  imaging  is  the 
infiared  focal  plane  array  (IR  FPA).  The  infrared  focal  plane  array  consists  of  a  large  number  of  minuscule  IR  (tetectors 
which  ^^n  resolve  targets  as  little  as  one  tenth  of  a  degree  warmer  than  their  surroundings,  and  offer  enormous  gains  in  data 
thmnghpiit  per  unit  time  without  mechanical  scanning.  Imaging  arrays  are  the  most  advanced  infixed  (tetectors  and 
commonplace  in  p-oducts  ranging  from  hand-held  IR  cameras  for  industry  and  security  use,  to  sophisticated  systems  for 
military  applications 

Keywords:  thermal  imaging  infiared  detectors,  focal  plane  arrays. 

1.  INFRARED  DETECTORS 

Infiared  detertors  are  an  integral  part  of  fiberoptic  systems  and  the  remote  controls  found  in  nearly  every  household.  At  the 
same  time,  they  serve  in  many  more  specialized  niches  in  environmental  monitoring  industrial  process  control,  ni^t-visi()n 
systems,  ^d  astronomy.  IR  detectors  are  used  to  monitor  air  temperature  from  satellites,  check  the  cooling  of  electronic 
wafers  md  steel  ingots,  scan  for  burglars,  and  observe  stars  being  bom.  These  detectors  also  fimetion  as  power  meters  for 
various  ^pes  of  laser  systems. 

IR  detectors  cover  a  wide  range  of  the  electromagnetic  spectrum,  finm  the  near  IR  (0,8-2pm)  to  the  fer  K  (20-400  tJ.m). 
F?tf-h  region  spans  more  than  four  octaves  of  frecpiency,  compared  with  only  a  single  octave  for  the  visible  li^t. 

Detection  of  IR  radiation  can  be  based  on  many  different  technologies.  These  technologies  have  generated  maity  types  of  IR 
sensor  elements,  each  with  its  own  characteristics. 

There  are  two  basic  types  of  JR  detectors  in  use  today:  photon  (quantum)  detectors  and  thermal  detectors: 

Photon  detectors  eva^oy  photon-detection  mechanism  in  which  absorption  of  an  incident  IR  photon,  with  sufficient 
energy,  produces  excess  of  free  carriers  in  a  semiconductor  structure.  To  absorb  IR  photons,  the  detector  material  must  have 
the  band-gap  energy  less  than  the  energy  of  the  incoming  photons;  thus,  sensing  longer  wavelengths  requires  the  use  of 
small  band-gap  materials. 

Small  band-gap  materials  yield  devices  sensitive  to  low  energy  IR  photons,  but  the  electron  earners  are  then  more  easily 
generated  in  the  semiconductor  from  random  thermal  excitation,  and  this  degades  sensitivity  through  increased  dark  current 
and  noise.  One  way  to  reduce  these  effects  is  to  reduce  the  operating  tenq)erature  of  the  detector: 

•  -by  thermoelectric  (IE)  cooling  to  operating  temperature  below  (-70°C),  for  plications  at  near  and 
mid-IR  wavelengths; 

•  -by  cryogenic  cooling  with  liquid-nitrogen  filled  Dewars; 

•  -with  Joule-Thomson  coolers; 

•  -with  expansion-engine  coolers  (Stirling-cycle  refrigerators)  to  operating  temperatures  of  100  K  or  less, 
in  the  mid  or  long-wave  IR  spectral  regions. 
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Thermal  detectors,  such  as  thennopiles,  bolometers,  and  pyroelectric  detectors,  measure  the  change  in  a  physical  property 
of  the  active  element,  induced  by  a  temperature  change.  The  temperature  change  is  caused  heat  generation  from  the 
absorption  of  IR  radiation. 

Resistive  bolometers  depend  upon  a  change  in  resistance  of  a  material  due  to  a  temperature  rise  when  IR  radiation  is 
absoibed.  The  thermoelectric  effect  is  familiar  in  the  form  of  a  thermocouple  that  generates  an  output  voltage  when  the 
temperature  of  the  junction  between  two  metals  changes  with  respect  to  the  temperature  of  a  reference  junction.  Both  the 
resistive  bolometer  effect  and  the  thermoelectric  effect  are  found  in  metals  and  semiconductors.  The  pyroelectric  effect, 
usually  found  in  ferroelectnc  materials,  is  manifested  by  the  generation  of  an  external  current  in  the  absence  of  electrical 
bias  by  a  time-depend  temperature  change  caused  by  the  use  of  a  radiation  chopper  to  modulate  the  incident  inffared 
radiatioa 

Thermal  detectors  can  be  used  uncooled  and  are,  therefore,  compact  and  relatively  inexpensive.  By  their  nature,  thermal 
detectors  have  a  flat  response  over  a  wide  range  of  wavelengths  and,  unlike  photon  detectors,  they  exhibit  lower  sensitivity 
and  slower  response  time.  For  many  applications  that  do  not  require  high  sensitivity  or  very  long  wavelengths  ( beyond 
lOO^im ),  thermal  detectors  are  often  the  best  choice. 

2.  INFRARED-SENSmVE  PHOTON  DETECTORS 

The  most  widely  IR  detectors  are  photon-detectors;  although  the  basic  operating  principle  of  all  photon-detectors  is  similar, 
the  material  p-operties  are  not. 

Currently,  four  classes  of  IR  sensitive  photon-detectors  are  based  on  semiconductors,  each  having  diaracteristic  strength 
and  weakness  that  make  it  useful  for  various  applications: 

•  The  dominant  approach  tod^  uses  intrinsic  semiconductors  which  consist  of  pure,  undoped  materials.  The 
bandg^  of  the  semiconductor  defines  the  longest  wavelength  that  can  be  detected.  As  the  energy  bandgap  in  the 
semiconductor  becomes  smaller,  the  wavelength  of  the  light  to  be  detected  gets  longer. 

Intrinsic  detectors  may  be  constructed  to  operate  in  the  photoconductive,  photovoltaic,  or  photoelectromagnetic 
mode. 

In  photoconductive  detectors  an  external  battery  maintains  a  current.  Incident  photons  free  additional  charge 
carriers  fi*om  atoms  of  the  crystal  lattice,  thereby  increasing  the  current.  With  steacfy  radiation  an  equilibrium  is 
established  between  new  charge  carriers  teing  generated  and  those  being  immobilized  by  recombination. 

In  photovoltaic  detectors  an  electric  field  is  built  into  the  element  by  way  of  a  p-n  junction.  Photons  incident  on  the 
junction  create  hole-electrons  pairs  which  are  separated  by  the  action  of  the  field  before  they  can  recombine.  A 
voltage  is  thus  set  up  at  the  opposite  ends  of  the  crystal. 

In  the  photoelectromagnetic  mode,  radiation  falling  onto  the  crystal  generates  electrons  and  holes  at  the  surface. 
Those  which  do  not  recombine  drift  toward  the  interior  of  the  crystal.  A  magnetic  field,  set  up  at  right  angles  to  the 
movement  of  the  charge  carriers,  separates  holes  fi'om  electrons  and  causes  them  to  move  to  opposite  sides  of  the 
crystal,  thereby  establishing  a  potential  difference  between  these  sides. 

For  short  wavelengths,  the  commonly  used  materials  are  silicon  and  germanium.  Intrinsic  silicon  IR  detectors  are 
limited  to  the  detection  of  radiation  at  1,1  }xm,  which  corresponds  to  the  minimum  energy  needed  for  valence  band 
electrons  to  cross  the  bandgap  to  enter  the  conduction  band. 

For  longer  wavelength  detection,  the  primary  materials  are  ternary  compounds  in  which  the  composition  can  be 
adjusted  to  Jfine-tune  the  bandgap.  The  fiberoptic  industry  relies  heavily  on  indium  gallimu  arsenide  ( InGaAs  ), 
while  for  a  wide  range  of  other  applications  the  dominant  material  is  mercury  cadmium  telluride  (  HgCdTe ).  This 
compoimd  has  a  bandgap  that  can  be  varied  to  give  a  long-wavelength  cutoff  from  2  to  30  |xm,  providing  great 
versatility. 

•  For  sensing  IR  radiation  that  ternary  intrinsic  semiconductors  cannot  detect,  extrinsic  (impurity-activatec^ 
semiconduaors  are  used. 
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Impurity-activated  detectors  operate  only  in  the  jdiotoconductive  mode.  Charge  earners  are  fieed  from  impunties 
which  were  deliberately  added  to  the  host  crystal  lattice.  When  impunties  are  added,  it  takes  less  energy  to  free 
charge  carriers  from  these  impurities,  impunties,  and  the  spectral  response  is  extended  by  an  amount  depending  on 
the  type  of  impurity. 

Extrinsic  semiconductors  are  generally  based  on  silicon  or  germanium  doped  with  impurities.  Dopants,  such  as 
boron,  arsenic,  gallium,  mercury  or  gold,  with  their  extravalence  electrons,  can  have  appropriate  energy  levels 
lying  in  the  host-material  bandgap.  Thus,  electrons  can  be  knocked  off  the  dopants  at  energies  far  below  the  cutoff 
for  silicon  or  germanium  itself,  or  even  for  the  ternary  compounds. 

Extrinsic  silicon  detectors  were  actually  used  for  IR  detection  before  the  development  of  ternary  mtnnsic 
compounds  but  these  devices  had  significant  drawbacks: 

♦They  need  to  be  cooled  well  below  liquid-nitrogen  temperature,  and  they  operate  somewhat  unreliably.  Cooling 
improves  the  detectivity.  The  amount  of  cooling  required  increases  with  mcreasing  threshold  wavelength,  "^^e 
necessity  for  cooling  becomes  apparent  when  one  considers  that  charge  carriers  may  be  fieed  either  ly  incoming 
photons  or  by  lattice  vibrations.  Cooling  wiU  reduce  flie  number  fieed  by  lattice  vibrations,  a  process  competing 
with  the  fieeing  of  charge  carriers  by  the  radiation  to  be  detected. 

*  Electrons  knocked  off  of  dopants  left  behind  a  positively  charged  ion,  which  could  only  slowly  get  an  electron  to 
neutralize  its  charge.  A  positive  charge  built-up  prevents  electrons  from  leaving  the  semiconductor  and  entering  the 
electrode  to  be  detected  The  electrons  can  move  out  only  when  a  sufiBcient  local  negative  charge  builds  ip  near 
the  electrode  to  overcome  the  positive  ion’s  attraction.  Current  extrinsic  semiconductors  overcome  this  problem  by 
gioatly  increasing  the  dopant  density,  thereby  allowing  electrons  to  jump  more  easily  from  one  closely  packed 
dopant  ion  to  another,  canceling  the  positive  charges.  These  extrinsic  detectors  are  termed  blocked-impurity-band 
detectors  and  are  finding  apfdication  in  such  demanding  disciplines  as  infiared  astrononty. 

•  To  avoid  the  extreme  coofing  demands  of  extrinsic  semiconductor  detectors  and  in  some  cas^  to  reach  even 
longer  wavelengths,  there  is  a  third  approach:  photoemissive  detectors.  In  these  detectors,  a  metallic  compound,  for 
example,  platinum  silicide  ( RSi ),  is  overlaid  by  doped  silicon.  A  photon  bounces  an  electron  or  a  hole,  out  of  the 
conductor  into  the  silicon. 


The  advantage  of  such  devices  is  that  response  does  not  depend  on  the  characteristics  of  the  semiconductor  but  on 
those  of  the  metal,  which  are  extremely  uniform,  so  that  high  uniformity  of  response  is  much  easier  to  achieve. 
However,  absorption  is  proportional  to  the  square  of  the  wavelength,  so  for  wavelengths  of  a  few  microns, 
efficiency  and  sensitivity  are  much  less  than  for  extrinsic  devices.  At  very  long  wavelengths,  beyond  100  pm,  these 
detector  types  are  quite  useful. 

•  The  fourth  main  type  of  IR  detector  is  the  quantum-well  IR  photoconductor  (QWIP).  The  operating  principle  in 
these  devices  is  similar  to  that  for  extrinsic  detectors-the  dopants  are  used  to  alter  the  band  stracture.  But  m 
QWIPs,  the  dopants  are  concentrated  into  microscopic  regions,  creating  quantum  wells,  where  the  band  ^cture 
has  shifted  Detection  occurs  when  a  photon  knocks  an  electron  or  hole  out  of  the  quantum  well  into  the 
neighboring  band 

As  with  extrinsic  semiconductor  detectors,  QWIPs  can  be  tailored  to  reduce  the  energy  a  photon  needs  for 
detection  But  QWIPs  are  much  more  sensitive  than  extrinsic  types,  because  the  entire  quantum  well,  not  just  an 
individual  dopant  atom,  acts  as  an  absorber.  Because  the  quantum  wells  are  10-100  atoms  across,  their  effective 
absorption  area  is  much  higher. 

Research  is  advancing  rapidly  in  these  devices,  concentrating  on  gallium  arsenide  based  systems,  such  as  GaAs  / 
AlGaAs,  with  the  latter  compound  being  used  to  create  the  quantum  well. 

In  the  wavelength  range  finm  8  to  10  pm,  QWIPs  have  been  poaching  HgCdTe  performance,  althou^  at  lon^ 
wavelengths  the  ternary  compounds  still  have  an  edge.  Like  the  extrinsic  deteaors,  QWIPs  generally  have  to  be 
cooled  below  liquid-nitrogen  temperature  for  background-limited  performance. 
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3.  THERMAL  IMAGING 


Thennal  imaging  converts  the  infim^ed  radiation  of  a  scene  into  a  live  picture  of  that  scene.  The  IR  image  resembles  a  real 
time  television  picture  of  the  scene  with  contrast  diSerences,  which  represent  the  radiation  diSerences  in  the  scene,  and  can 
be  computer  processed  to  color-code  temperature  ranges. 

^e  focused  IR  image  is  mechanically  scanned  across  a  detector,  whose  output  is  converted  electronically  into  a  visual 
image.  Depending  on  the  performance  required,  the  detector  may  consist  of  one  or  many  elements.  The  optics,  the  mode  of 
scanning,  and  the  signal  processing  electronics  are  closely  interrelated. 

Originally,  developed  to  extend  the  scope  of  night-vision  systems,  thermal  imagers,  at  first,  provided  an  alternative  to  image 
int^isifiers.  As  the  technology  has  matured,  its  range  of  applications  has  expanded  and  now  extends  into  fields  that  have 
little  or  nothing  to  do  with  ni^t  vision,  but  benefit  ifrom  real-time  thermal  evaluatioiL  Due  to  their  hi^  sensitivity  and  their 
resulting  hi^  detection  range,  their  good  resolution  and  the  associated  higji  identification  range  as  well  as  the  good 
penetration  of  the  atmosphere  under  fog  and  smog  conditions,  thermal  imaging  si^ts  are  currently  the  technically  optimal 
night  vision  equipment. 

The  two  major  regions  of  the  IR  spectrum  used  for  thermal  imaging  are  3-5  and  8-12  microns.  These  wavelengths  are  used 
because  they  are  commonly  generated  by  both  natural  and  manmade  objects  and  are  not  completely  absoibed  the 
atmosphere. 

The  3-5  micron  band^s  principle  advantage  is  its  operating  temperature  range.  All  conventional  thermal  imagers  must 
include  a  mechamsm  to  cool  the  sensor  array  which  otherwise  would  generate  an  unacceptable  signal-to-noise  ratio.  For 
imagers  in  the  3-5  micron  region,  however,  the  required  temperature  is  around  -90  '"C  as  compared  to  -200  °C  for  systems 
operating  in  the  8-12  micron  region.  This  is  because  of  the  inherently  higher  energy  levels  of  photons  in  the  3-5  micron 
region. 

On  the  other  hand,  the  8-12  micron  region  is  more  thermally  active  in  the  natural  environment.  The  ambient  temperature  of 
most  objects  is  between  0°  and  30  and,  althou^  the  total  amount  of  IR  energy  emitted  is  not  large,  it  generally  peaks  in 
the  10  micron  region.  Low  winter  temperatures  also  have  a  more  adverse  affect  on  signal  strength  in  the  3-5  region  than  in 
the  8-12.  For  these  reasons,  despite  the  additional  cooling  requirements  of  8-12  micron  range  systems,  they  are  more  often 
]mrsued  for  general  IR  surveillance  apphcations. 

The  construction  of  thermal  imaging  equipment  requires  very  demanding  technologies,  particularly  with  hi^y  sensitive  IR 
detectors. 


4.  IMAGING  ARRAYS-NOVEL  IR  DETECTORS 

One  of  the  most  promising  new  sensors  for  thermal  imaging  is  the  indfrared  focal  plane  array  (IR  FPA).  The  infrared  focal 
plane  array  consists  of  a  large  number  of  minuscule  IR  detectors  (pixels)  which  can  resolve  targets  as  little  as  one  tenth  of  a 
degree  warmer  than  their  surroundings. 

Infiared  focal  plane  arra3f^  are  commonplace  in  products  ranging  from  hand-held  infiared  cameras  for  industry  and  security 
use,  to  ultra  sophisticated  devices  for  IR  astronomy  or  militaiy  applications.  IR  FPAs  have  great  potential  for  a  wide  variety 
of  devices,  such  as  fast  p5TOmeters,  analytical  instruments,  homing  heads,  guidance  of  intelligent  munitions,  laser  threat- 
warning  receivers,  that  demand  performance,  speed  of  response  and  temperature  of  operation.  Made  up  of  a  large  number  of 
IR  detector  elements,  IR  arrays  sense  thennal  energy,  or  heat,  and  are  able  to  capture  a  two-dimensional  imagft  of  a  scene 
that  results  from  emitted  energy. 

The  thermal  radiation  emitted  by  the  ol^ects  reaches  the  detectors  through  an  IR  objective  lens.  The  detectors  convert  the 
incoming  thennal  energy  to  proportional  electric  signals.  These  signals,  after  they  have  been  intensified,  are  processed  and 
shown  on  a  suitable  displ^  device  (monitor). 

Like  the  individual  IR  detectors  that  arrays  are  made  up  of,  arrays  operate  on  two  different  physical  principles:  quantum 
arrays  react  to  individual  ]^otons,  while  thermal  arrays  measure  the  total  energy  absorbed  by  each  element. 
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The  most  common  IR  imaging  arrays  are  based  on  photon  detectors.  Such  array  is  a  sin^e  chip  containing  a  mosaic  of 
numerous  IR  detectors,  each  30  microns  square  on  one  side,  with  a  corresponding  number  of  minute  signal  processing 
elements,  known  as  charge  couple  devices  (CCDs),  on  the  opposite  side.  In  oi^ration,  the  detectors  accumulate  photon 
energy,  which  is  then  transferred  to  a  signal  processor  for  su^quent  multiplexing  off  the  chip.  The  photosensitive  array 
delivers  signals  corresponding  to  the  absolute  value  of  the  illumination  at  each  point  in  an  unage  (pixel). 

Not  only  quantum  arrays  but  also  thermal  arrays  can  be  used  for  imaging.  Thanks  to  the  sensitivity  gain  obtainable  with 
multiple  RiemfintR  systems  using  arrays  of  thermal  detertors  can  give  useful  perfommce.  Though  not  equal  to  the  best  that 
can  be  obtained  with  quantum  detectors,  such  systems  have  the  advantage  of  not  requiring  cooling. 

The  appropriate  figure  of  merit  describing  the  sensitivity  of  the  FPA  detector  is  the  noise  equivalent  temperature  difference 
(NETD).  The  NETD  is  the  change  in  the  temperature  of  a  large  blacHxxly  in  the  scene  being  viewed,  which  causes  a 
change  in  the  signal-to-noise  ratio  of  unity  in  the  output  of  the  array.  Typical  values  for  single  pixels  and  smaU  arrays  are 
0,1  to  0,3  °C;  large  FPAs  have  NETD  values  of  0,01  to  0,02  °C. 

Althou^  the  sensitivity  of  a  pixel  of  a  thermal-detection  array  is  far  less  than  that  of  one  pbcel  of  a  photon-detection  array,  a 
large  thermal-detection  array  could  exhibit  equal  or  better  sensitivity  than  a  small  photon-detection  array. 

In  contrast  to  most  photon  detectors,  where  the  speed  of  response  is  dictated  by  the  firee-carrier  Retime  (typcally  in  the 
range  of  a  nucrosecond  or  less)  the  speed  of  response  of  thermal  detectors  is  governed  by  their  thermal  time  constant 
(typicaUy  in  the  millisecond  range).  The  thermal  time  constant  is  the  ratio  of  the  pixel  heat  capacity  to  the  thermal 
conductance  associated  with  heat  flow  fi’om  the  pixel  to  its  surroundings. 

With  the  advancement  of  fabrication  technology,  arrays  of  microbolometers,  the  leading  thermal  array  type,  are  challenging 
the  more  developed  quantum  arrays  for  many  application  areas  and  are  leading  to  the  development  of  room-temperature 
thermal  imagers. 

Most  of  the  systems  in  use  today  employ  FPAs  of  mercury  cadmium  tefiuride  (HgCdTe),  a  semiconductor  whose 
composition  is  adjusted  to  provide  optimum  response  in  the  8  to  12  pm  atmospheric  window.  The  operating  temperature  of 
77  K  is  usually  provided  by  Stirling-cycle  cryocoolers.  Other  thermal-imaging  approaches  employ  FPAs  of  indiiun 
antimnnidR  (InSb)  (fig.  1)  and  platinum  silicide  (RSi).  Both  types  operate  in  the  3  to  5  pm  atmospheric  window  and  require 
cryogenic  operation.  Moreover,  FPAs  of  HgCdTe  and  quantum-weU  inftared  photodetectors  (QWIPs)  based  upon 
aiimiinimi  gallium  arsenide  /  gallium  arsenide  (AlGaAs  /  GaAs)  multiple-quantum-well  structures.  These  also  require 
ciyogenic  operatioa 


Fig.1  320  X  256  InSb  array 

5.  SIGNIFICANT  ADVANTAGES  OF  INFRARED  FOCAL  PLANE  ARRAYS 

Focal  plane  arrays  for  infrared  imaging  provides  significant  advantages  in  both  applications  and  performance: 

!•  "Basicdly,  any  attempt  to  increase  sensitivity  in  scanned  systems  has  meant  getting  more  sigtial  to  the  detector.  This  in 
turn  meant  either  increasing  optics  size  or  slowing  scanning  speed,  both  of  which  have  undesirable  consequences.  Larger 
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optics  mean  higher  cost,  while  slower  scan  speeds  mean  frame  rates  that  stretch  the  definition  of  real-time  imagery.  An  FPA 
detector  electronically  observes  an  entire  scene  at  one  time  without  having  to  scan  the  scene  through  an  anangement  of 
oscillating,  or  rotating  mirrors.  An  FPA  is  thus  a  staring  array,  as  opposed  to  a  scanning  mechanical  /  optical  device,  which 
mearts  that  an  FP A  can  be  used  with  very  simple,  small-size  optics,  allowing  size  and  weight-reduction  benefits  for  small- 
diameter  designs. 

2.  -The  image  acquisition  rate  of  scanning  imagers  is  limited  by  scarming  fiame  rate,  which  can  be  anywhere  from  10  to  60 
Ife.  Since  each  detector  element  of  an  IR  FPA  continuously  views  its  assigned  target  pixel,  the  device  can  record  full-field 
high-speed  i*enomena  at  an  image  acquisition  rate  hmited  only  by  detector-preamp  response;  1000  Hz  can  be  oteained 
with  IR  FPA  imagers.  For  the  first  time,  high-speed  infrared  imagery  at  100  flames  /  s  can  be  realized  by  using  FPAs. 

3.  -Spatial  resolution-the  ability  to  image  and  measme  the  temperature  of  a  single  spot  on  the  target  surface  at  any  given 
distance-provides  IR  FPA  imagers  with  another  big  advantage  over  scanners.  Because  of  the  element  isolation  inhCTPnt  in 
the  design  each  image  element  has  far  less  influence  on  the  next  than  is  the  case  for  mechanical  scarming.  A  properly 
cahbrated  FPA  imager  will  provide  three  to  five  times  as  much  measurement  spatial  resolution  as  a  scanning  system  with 
the  same  specified  instantaneous  field  of  view. 

4.  -An  FPA  detector  has  greater  sensitivity  in  detecting  and  supplies  improved  scene  informations,  gpnpratsd  by  the  larger 
number  of  detectors. 

5.  -An  other  advantage  derives  fi-om  mounting  CCDs  on  the  same  chip  with  detectors.  This  drastically  reduces  the  mimhpr 
of  output  wires  that  would  otherwise  be  required,  thus  simplifying  assembling  and  reducing  chances  of  mechanical  failure, 
and  eliminating  optical  interlace  functions  and  components. 

6.  -In  FPA  systems,  dwell  time  (the  time  any  one  part  of  the  scene  could  be  imaged  onto  the  detector)  is  inrrp^sed  over  a 
scanned  single-element  detector  by  the  larger  number  of  elements  in  the  array.  For  example,  a  256x256  element  art^  has 
more  than  65.000  times  more  sign^  available  to  it  than  a  sin^e-element  scarmed  one. 

7.  -R  FPA  technology  can  benefit  of  advances,  such  as  region  of  interest  multiplexers  (ROI),  that  provide  enhanced 
fimctionahty  and  improved  performance  while  reheving  the  data-transfer  and  data-processing  burden  fi'om  the  data 
transmission  lines  and  downstream  processor. 

More  pixels  are  a  benefit  during  initial  target  surveillance  and  acquisition  modes  for  applications  like  missile  tracking 
However,  once  a  target  has  been  acquned,  the  tracking  and  terminal-homing  process  requires  more  firequent  scene  updates 
and  more  downstream  processing 

FPA  rnultiplexers  may  provide  an  ROI  capabihty  where  selected  subsets  of  pixels,  or  windows,  of  the  full  field  are 
transrnited  to  the  downstream  processor.  Pixels  outside  of  the  ROI  windows  are  simply  not  read  out  fi^om  the  FPA.  This 
technique  increases  the  effective  fiame  rate  during  terminal  homing  and  reduces  the  amount  of  fransmittpd  data,  thus 
reducing  the  computational  demand  on  the  downstream  mission  processor. 

6.  CONCLUSIONS 

Thanks  to  improved  manufacturing  techmques,  two-dimensional  staring  focal  plane  arrays  for  infiared  imaging  have 
become  better  and  easter  to  use.  Thermal  tmagers  with  large  staring  FPAs  do  not  require  any  moving  parts,  which  reduces 
system  size  and  complexi^.  Thermal  resolution  of  less  than  0,003  K  has  been  already  reported  for  imagers  operated  at  95K 
in  the  3,4-4,8  pm  band.  Future  generation  of  infrared  systems  will  require  high-performance,  cost-effective  staring  arrays 
providing  enhanced  functionality  and  imiffoved  performance. 

REFERENCES 

1.  Lemer,  Eric  J.,  “Infiared  detectors  offer  high  sensitivity".  Laser  Focus  World,  6,  pp.  155-164, 1996. 

2.  Wauters,  Jan,  “Novel  IR  detectors  operate  at  room  temperature”.  Laser  Focus  World,  5,  rj  175-179, 1998. 


644 


The  first  results  on  the  cesium  atomic  fountain  in  INFLPR 

Cipriana  Mandache  ,  T.  Acsente  ,  M.  Ungureanu 

National  Institute  for  Laser,  Plasma  and  Radiation  Physics,  Nuclear  Fusion  and  Plasma  Physics 
Laboratory,  R-76900 ,  Bucharest,  Magurele,  P.O.Box  MG-36,  Romania 


ABSTRACT 


The  atomic  fountain  is  a  new  high-performance  primary  fiequency  standard  where  the  stability  is  of  the  order  of  10’’’  and 
the  accuracy  of  the  order  of  10''®.  Our  goal  is  to  realize  such  a  standard  in  our  laboratory.  In  an  atomic  fountain  we  can 
Hictingiiish  three  basic  part:  the  cesium  atom  source,  the  microwave  and  the  C-field  region,  and  the  detection  area.  In  this 
paper  we  briefly  recall  an  atomic  fountain  operation  and  present  the  first  research  results  obtained  in  our  laboratory 
cx}nceming  the  atomic  cesium  fountain. 

Keywords:  atomic  fountain,  optical  molasses,  laser  cooling,  magneto-optical  trap  (MOT),  time  of  fli]^t  (TOF),  extended 
laser  cavity. 


1.  DESCRIPTION  AND  OPERATION  OF  AN  ATOMIC  FOUNTAIN. 

The  scheme  of  a  fountain  frequency  standard  is  shown  in  fig.  1.  We  can  distinguish  three  basic  parts:  the  cold  atom  source, 
the  microwave  and  the  C-field  region,  and  the  detection  zone. 
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Fig.  1 .  Experimental  setup  of  an  Atomic  Fountain 
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In  the  following  we  briefly  describe  the  operation  of  an  atomic  fountain 

The  cesium  atoms  are  first  cooled  for  about  0.3  to  0.5  s  in  the  cold  atomic  source.  Six  independent  laser  beams  capture  and 
cool  cesium  atoms  in  a  low-pressure  (-lO"*  Torr)  Cs  cell.  Between  10^  and  a  few  10^  atoms  can  be  cooled  down  to  2.5  pK 
a  3-D  -  a”  magneto-optical  trap  or  lin  ±  lin  optical  molasses.  After  cooling  the  1-D  moving  molasses  method  is  used 

to  upward  launch  the  atoms.  The  atoms  pass  through  a  high  Q  (-^30.000)  cylindrical  TEon  cooper  microwave  cavity 
situated  30  cm  above  the  cooling  zone,  where  they  experience  a  first  nil  pulse.  They  then  continue  their  ballistic  flight  in 
the  C-field  region,  where  a  highly  homogeneous  static  magnetic  field  is  produced  by  a  solenoid  and  compensation  coils.  In 
this  region  of  the  fountain  the  pressure  is  kept  low  (  5*10'^°  Torr)  in  order  to  reduce  collisions  with  background  gases. 
Three  \i  -metal  magnetic  shields  surround  the  microwave  cavity  and  C-field  region.  The  C-field  region  is  thermally 
isolated  and  temperature  controlled  in  order  to  fi*equency  tune  the  microwave  cavity.  The  atoms  fall  back  through  the 
cavity,  undergoing  a  second  microwave  interaction,  so  that  the  Ramsey  separated  oscillatory  field  method  is  efiected. 

Finally  in  the  detection  zone  the  atomic  populations  are  measured  and  the  time-of-flight  (TOF)  technique  is  used  to 
determine  the  vertical  velocity. 

The  fountain  operation  is  pulsed  with  a  cycle  time  of  about  1.1s. 

A  852  nm  laser  diode,  in  an  extended  cavity  configuration  provides  the  required  laser  fi'equencies.  Are  used  the  F=  4  - 
F’=5  transition  of  the  D2  line  to  cool  and  detect  the  atoms.  The  frequency  and  the  intensity  of  beams  are  controlled  via 
acousto-optical  modulators.  All  the  beams  are  spatially  filtered  and  expanded  up  to  2  cm  in  diameter.  The  mavimiim 
optical  intensity  is  about  10  mW/cm^  for  the  cooling  beams  and  1  mW/cm^  for  detection.  During  the  microwave 
interaction,  all  the  laser  beam  are  blocked  by  electromechanical  shutters  to  avoid  light  shifts. 


2.  RESULTS  OBTAINED  IN  INFLPR. 

2*1.  The  magneto-optical  trap  (MOT) 

The  most  efficient  device  for  cooling  atoms  is  the  magneto-optical  trap  (MOT)  whose  schematic  is  depicted  in  fig.2.  MOT 
consists  of  three  mutually  orthogonal,  retro-reflected  laser  beams  interacting  at  the  center  of  a  quadrupolar  magnetic  field 
In  practical  realization  (fig.3)  it  is  a  main  fused  silica  cylinder  with  four  orthogonal  arms,  each  one  ended  with  optical 
windows  to  allow  the  infi-ared  laser  radiation  to  pass.  The  cesium  reservoir  is  attached  to  the  glass  envelope  in  a  “cold 
finger  configuration  allowing  us  to  change  the  concentration  of  thermal  atom  in  the  trap  to  the  optimum  value  for 
cooling. 


A  oz 
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Fig.2  Schematic  of  a  magneto-optical  trap  (MOT) 
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To  obtain  cold  atoms,  the  partial  pressure  of  thermal,  high  velocity  cesium  atoms  in  the  trap  must  be  of  10'*hPa. 
Measurement  of  the  thermal  atoms  concentration  is  realized  using  an  saturated  absorption  experiment 

The  trap  and  cesiiun  source  are  coupled  together  to  an  ionic  pump.  Two  anti-Helmholtz  coils  disposed  on  the  main 
cylinder  produces  the  quadrupolar  magnetic  field.  By  varying  the  current  injected  in  these  coils,  we  are  able  to  fffoduce  a 
magnetic  gradient  field  between  5  and  15  G/cm.  On  the  trap  arms  compensation  coils  are  also  attached  to  eliminate  the 
effect  of  terrestrial  magnetic  field . 


Fig.  3  Practical  realization  of  the  magneto-optical  trap  (MOT) 


2.2.  The  extended  laser  cavity. 

The  trapping  laser  beams  come  fi'om  an  SDL  5402  laser  diode  (852  nm)  in  an  extended  cavity  configuration.  The 
linewidth  of  a  single  laser  diode  is  larger  than  few  MHz  because  of  the  dimension  of  the  resonator.  We  use  extended  cavity 
operation,  because  it  is  the  simplest  and  most  robust  method  of  achieving  a  hnewidth  narrower  than  the  linewidth  of  the 
caesium  transition. 

An  extended  cavity  semiconductor  laser  is  a  laser  diode  in  which  the  resonant  cavity  is  longer  than  the  diode  itself.  In  our 
case  the  total  cavity  Ipngth  is  4  cm  and  is  formed  by  the  highly-reflecting  rear  fecet  of  the  diode  and  a  diffraction  ^ting. 
The  1200  lines/mm  grating  is  mounted  in  the  Litrow  geometry,  with  the  first  order  beam  retroreflected  to  the  diode.  In 
order  to  adjust  the  cavity  length  the  grating  is  glued  onto  a  piezoelectric  ceramic,  held  in  a  mirror  mount.  This  enables  to 
reflected  beam  to  be  aligned  and  the  frequency  to  be  selected. 

The  laser  diode,  collimating  optics,  and  grating  mount  are  mounted  on  an  aluminium  base  plate,  around  which  is 
constructed  an  aluminum  box  which  is  temperature  stabilized  to  better  than  0. 1°C. 

The  linewidth  of  the  fi-ee  running  laser  mounted  in  an  extended  cavity  ranging  fl-om  5MHz  to  lOOkHz  and  the  tuning 
range  obtained  with  thermal  compensation  is  about  15-  20  GHz 


2.3.  Gradient  and  compensation  coils. 

The  quadrupolar  magnetic  field  used  for  cooling  cesium  atoms  is  obtained  using  two  anti-Helmholtz  coils,  placed  on  the 
trap  chamber  (fig.3).  This  coil  configuration  provides  a  uniform  magnetic  field  gradient  of  about  10  Gauss/cm,  which 
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leads  to  the  appearance  of  Zeeman  energy  sub-levels  of  moving  atoms.  The  coils  have  a  diameter  of  about  30-cm  and  the 
space  between  the  two  coils  is  about  11  cm. 

To  compensate  the  effect  of  terrestrial  magnetic  field  in  the  trapping  region  we  use  three  pairs  of  coils,  each  pair  mounted 
in  Helmholtz  configuration. 

The  power  supplies  consist  of  adjustable  current  generators  for  both  gradient  and  compensation  coils. 


2*4.  The  resonant  cavity . 

In  an  atomic  fountain,  after  launching,  the  atoms  pass  through  a  cylindrical  TEon  cavity,  with  the  diameter  of  5  cm.  For 
the  theoretical  computation  of  the  Q  we  used  the  following  relations 


(1) 


and  we  obtained  Q=  25  200. 

The  experimental  determination  of  the  Q  cavity  gives  us:  Qexp=  21  370 

In  order  to  assure  the  proper  resonant  frequency  we  studied  the  variation  of  the  resonant  frequency  as  a  function  of 
temperature  (Fig.  4) 


Frequency  of  microwave  cavity  as 
fonction  of  temperature 
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Fig.4  The  frequency  of  the  p-cavity  as  function  of  temperature 


2.5.  Electric  devices  for  photo-detectors. 

During  the  ballistic  flight,  the  atomic  cloud  expands  and  in  typical  conditions,  less  then  10%  of  the  atoms  pass  two  times 
through  the  microwave  cavity.  The  time  distribution  of  the  fluorescence  signal  allows  the  atomic  velocity  distribution 


648 


(TOF)  and  the  temperature  of  the  atoms  to  be  measured.  The  time  of  flight  spectrum  gives  us  information  about  the 
temperature  and  the  density  in  the  molasses.  The  TOF  measurements  are  performed  on  the  bottom  part  of  the  fountain,  in 
the  detection  area. 

We  have  realized  the  detection  electronic  devices,  which  provides  a  high  amplification  and  very  low  noise  for  all  4  photo¬ 
detectors.  In  practical  realization  the  photo-detector  consist  of  a  PIN  photodiode  and  a  transimpedance  amplifier. 


2.6.  Laser  diode  current  supply. 

Much  of  current  atomic  physics  research  involves  the  interaction  of  atoms  and  light  in  some  way.  Laser  sources  that  can  be 
tuned  to  particular  atomic  transitions  are  now  a  standard  tool  in  most  atomic  physics  laboratories.  The  main  difficulty  in 
using  diode  lasers  in  most  atomic  physics  experiments  is  the  problem  of  tuning  them  to  the  desired  wavelength,  usually 
that  of  some  atomic  transition.  The  accord  of  a  laser  diode  can  be  made  in  two  steps;  the  control  of  temperature  and  then 
the  accord  of  diode  current  supply. 

In  fig.  5  is  presented  the  block  structure  of  the  current  supply  for  the  laser  diodes  used  in  our  experiment. 

The  day-to-day  repeatability  of  the  laser  system  performance  is  determined  primarily  1^  the  temperature  stability.  The  last 
important  element  in  setting  up  a  diode  laser  is  the  current  control  circuit.  For  according  the  laser  diode  on  Cesium  D2 
line  wavelength,  we  are  using  a  current  supply  with  special  performances.  The  output  current  can  be  adjusted  between 
0  mA  and  200  mA,  for  a  proper  laser  accord  on  the  resonance  fi^quency. 

In  the  electronic  design  we  used  high-performance  components  like  OP  27  and  OP  470  and  we  obtained  a  noise  density  of 
5.14  uA/VHz  . 


Fig.  5.  Block  diagram  of  current  supply  for  the  laser  diode 


2.7.  Thermostated  caesium  cell . 

In  order  to  stabilize  the  firequency  of  the  laser  diode  and  to  reduce  acoustic  noise,  the  extended  laser  cavity  must  be  locked 
to  the  D2  line  of  Cs.  This  will  be  achieved  using  a  saturated  absorption  technique. 

We  realized  a  miniaturized,  compact,  and  temperature  stabilized  mount  for  a  caesium  cell  which  will  be  used  to  perform 
the  saturated  absorption  experiment.  This  cell  is  shown  in  fig.6. 
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Fig.6.  Thermostated  caesium  cell. 


2.8.  3-D  motion  of  cesium  atoms. 

We  have  performed  numerical  computations  taking  into  consideration  the  actual  sub-levels  structure  of  the  F=4^  F=5 
transition  in  Cesium,  the  gradient  of  magnetic  field  and  the  exact  structure  of  the  laser  electric  field.  As  the  MATLAB 
routine  for  solving  ordinary  differential  equations  (ODE)  we  are  using  deals  only  with  real  numbers,  and  the  coherence 
really.  We  can  choose  as  variables  in  our  system  of  ODE's  the  three  coordinates  x,  y,  z  and  the  three  components  of  the 
velocity  of  the  atom  together  with  the  superior  diagonal  components  of  the  density  matrix. 
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ABSTRACT 

The  new  atomic  Rb-Cs  fountain  should  confirm  the  recent  theoretical  calculations  relatiitg  to  the  collisions  of  rubiditm 
atoms  According  to  this  theory,  the  displacement  of  the  fi-equency  of  clock  due  to  the  collisional  shift  was  predicted  to  be 
15  times  lower  for  ^’Rb  than  for  '^^Cs  at  equal  density.  Using  Rb  instead  of  Cs  in  a  fountain  standard  may  lead  to  an  order  of 
magnirnap  improvement  in  frequency  stability  togheter  with  an  excellent  accuracy. 

In  this  paper  we  describe  the  operation  of  a  laser  cooled  *’Rb  frequency  standard  and  present  a  new  measurement  of  the 
®’Rb  ground  state  hyperfine  frequency  with  a  relative  accuracy  of  2.4  10"’^  by  comparison  with  a  Cs  formtain  atoimc 
standard.  In  order  to  measure  this,  first  we  determined  the  absolute  frequency  of  the  reference  H-maser  by  comparison  with 
the  LPTF’s  Cs  fountain.  Second,  we  corrected  the  measured  frequency  to  take  into  account  different  systematic  shifts: 
magnetic  field,  black  body,  microwave  leakage,  collisions.  The  measured  fiequency  is  6  834  682  610.904  333  (17)  Hz.  This 
value  differs  from  previously  published  values'’^  by  about  2-3  Hz  and  is  lO"*  times  more  acxrurate. 


Keywords:  tims  and  frequency,  optical  cooling,  trapping,  fine  and  hyperfine  structure,  atomic  fountain 


1.  THE  EXPERIMENTAL  APPARATUS 

The  construction  of  an  atomic  fountain  operating  with  *’Rb  atoms  has  been  motivated  ^  two  reasons.  First,  because  the 
collisional  shift  is  one  of  the  dominant  terms  in  the  uncertainty  budget  of  Cs  fountains,  in  the  new  fountain  this  frequency 
shift  was  predicted  to  be  15  times^  '’  lower  for  *’Rb  than  for  *^^Cs.  The  second  point  of  interest  is  the  fact  that  accuracy  in  the 

10  *®  range  ^ould  maVp  ft  possible  to  search  for  possible  drift  of  the  fine  stracture  constant  a  =  e^  I  he  with  time®. 

The  operation  of  this  new  fountain  is  similar  to  that  of  the  fountain  with  cesium®  FOl.  The  experimental  set-up  is  described 
in  more  in  other  papers’,  and  we  briefly  recall  its  operation  (Fig.l).  About  10*  rabidium  atoms  are  caught  ’  m  Lk  ± 
Lin  optical  molasses  (MOT)  from  a  vapour  cell  at  room  temperature,  at  a  pressure  of  ~  10  Torr  in  one  second.  The 
molasses  cloud  has  a  Gaussian  shape  with  a  e  ’^  diameter,  measured  with  a  CCD  camera.  Using  laser  diodes  and  a  tapered 
optical  ampliflCT  providing  up  to  25  mW  per  cooling  beam,  we  trap  up  to  7.5  x  10*  atoms  sprrad  mong  the  F=2  Zeeman 
sublevels.  Using  the  moving  molasses  technique’®*’,  the  atoms  are  launched  in  the  (1,1,1)  direction  with  resp^  to  the 
cooling  beams.  They  are  adiabatically  cooled’^  in  the  moving  flume  by  slowly  turning  down  the  laser  intensities  after 
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launch.  The  atomic  cloud  temperature  is  on  the  order  of  1.4  pK.  The  launch  velocity  is  3-4  m/s.  The  atoms  are  selected  in 
the  F  =  1,  mp  =  0  Zeeman  sublevel  by  means  of  microwave  and  laser  pulses.  Passing  twice  through  a  cylindrical  TEon 
microwave  cavity^^,  they  undergo  a  Ramsey  interrogatioa  The  microcavity  is  made  of  cooper  and  has  a  qudity  factor  of 
15000.  The  populations  of  the  two  hyperfine  levels  are  finally  measured  by  laser  induced  fluorescence.  The  density  of  atoms 
selected  in  mp  =  0,  and  averaged  along  the  flight  above  the  cavity,  reaches  2  x  10^  at.cm“^. 


Fig.l  Rb-Cs  fountain.  The  atomic  population  Nf=i(  and  Np  =2)  in  F=1  (respectively  F=2) 
are  measured  by  light  induced  fluorescence. 
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The  atomic  temperature  is  also  deduced  from  the  width  of  the  time  of  flight  peak®.  From  the  measured  populations  as  a 
function  of  microwave  detuning,  an  error  sipial  is  produced  to  lock  the  microwave  frequency  to  the  atomic  resonance. 

Magnetic-  field  fluctuations  are  reduced  by  four  p  -metal  shields  surrounding  the  Ramsey  cavity  and  actively  compei^t^ 
by  external  coils.  In  this  way,  the  external  magnetic  perturbations  are  attenuated  by  more  than  5  orders  of  magnitude  m  the 
interrogation  region. 

Light  is  guided  from  the  optical  bench  to  the  vacuum  chamber  by  polarising  optical  fibers  and  collunators  mechamcally 
prealigned  with  a  few  10  rad  accuracy.  This  ensures  a  good  reliability  of  the  set-up. 

The  Ramsey  resonance  as  a  function  of  the  microwave  frequency  is  plotted  in  Fig.2.  The  central  fiinge  has  a  1.2  Hz 
FWHM,  corre^nding  to  a  launching  hei^t  of  20  cm  above  the  microwave  cavity. 


^0  -20  0  20  40 
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Fig.  2  Ramsey  fringes  of  flie  rubidium  fountain.  The  transition  probability  Np-a  /  (Nf=i  +  Np^ ) 
is  plotted  as  a  microwave  fr?equency  detuning. 


The  noise  on  the  transition  probability  at  half-central  flinge  is  1/800  per  shot  and  results  from  the  phase  noise  of  the 
local  oscillator.  We  become  insensitive  to  this  noise  source  by  working  at  resonance  and  applying  7c/4  microwave  pidses  in 
the  cavity.  The  noise  then  drops  down  to  1/2400.  The  noise  measured  on  resonance  indicates  a  potential  stability  of 
5x10"' The  present  frequency  stability  is  clearly  limited  by  the  phase  noise  of  the  microwave-interrogating  signal. 

We  measure  the  Allan  standard  deviation’'*  of  the  frequency  fluctuations  by  comparison  to  an  H-maser.  The  short-term 
stability  is  1.5x10'*®  x  *^,  where  x  is  the  integration  time  in  seconds.  The  stability  decreases  down  to  1x10'*®  after  a  20000  s 
interrogation  (Fig.3). 
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Fig.3  Allan  standard  deviation,  Gy  (t)  of  the  rubidium  fountain  against  H-maser. 
The  short  stability  is  limited  by  phase  noise  of  the  local  oscillator. 


2.  MEASUREMENT  OF  THE  *’RB  GROUND  STATE  HYPERFINE  SPLITTING 

As  shown  in  Fig.4,  in  the  BNM-LPTF  two  Cs  fountains'^’ the  present  Rb  fountain,  and  a  Cs  thermal  beam'’  are  operating. 
The  interrogating  microwave  frequency  of  each  clock  is  generated  from  the  same  local  oscillator,  which  delivers  a  100  MHz 
frequency  with  a  low  phase  noise.  This  frequency  is  synthesised  from  a  5  MHz  low  noise  BVA  quartz'®  weakly  locked  on 
the  H-maser.  Thus,  it  is  possible  to  compare  directly  each  clock  with  one  of  the  others  end  reject  the  noise  induced  by  the 
H-maser  frequency  variations,  of  the  order  of  3xl0  '®  per  day.  Using  one  Cs  fountain  we  track  the  H-maser  frequency  with  a 
1.4x10''®  accuracy. 

In  order  to  measure  the  rubidium  ground  -  state  hyperfine  frequency  against  the  cesium  primary  standard,  we  first  determine 
the  absolute  frequency  of  the  reference  H-maser  by  comparison  with  the  LPTF’s  Cs  fountain  This  comparison  being  made 
with  a  resolution  better  than  IxlO"'®,  the  H-maser  frequency  is  known  with  the  cesium  foimtain  2x10"'®  absolute  accuracy. 
Second,  we  correct  the  measured  frequency  to  take  into  account  different  systematic  shifts  listed  in  Table  I. 

Our  new  value  for  the  ®’Rb  hyperfine  frequency  is  6  834  682  610.904  333  (17)  Hz.  The  resulting  accuracy  of  our 
measurement  of  the  ^’Rb  ground  state  hyperfine  splitting  is  2.4  x  10"'®.  This  measurement  is  in  agreement  with  the  value  we 
previously  published®.  Its  accuracy  has  been  iirproved  by  a  factor  6,  by  reducing  microwave  leakage  and  magnetic  field 
fluctuations  in  the  interrogation  region. 
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Tab.  I  Frequency  shifts  and  related  uncertainties  for  a  set-up  temperature  T  =  296  K,  a  m^etic  field  B  -  50  nT  an  average  density 
n  =  2.5xl0^  cm  and  an  atomic  resonance  quality  factor  of  6.2  x  10  .The  redshift  correspond  to  a  haght  above  the  geoid 

of  65(5)  m. 


Effect 

Frequency  shift  (10‘^  Hz) 

Uncertainty  (10'^  Hz) 

First  order  Doppler 

0.0 

0.5 

Gravitational  Redshift 

+  5.2 

0.5 

Second  order  Zeeman 

+14.1 

0.5 

Black  body  radiation 

-  8.1 

0.5 

Microwave  leakage,  Ramsey  and  Rabi 

0 

1.5 

pulling... 

Collisions 

-  0.13 

0.6 

Total  uncertainty 

- 

1.9 
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The  achievement  of  high-precision  Rb  clocks  also  opens  the  way  for  several  new  experiments.  A  search  for  a  possible  drift 
of  the  fine-structure  constant  can  be  done  by  comparison  of  the  hyperfine  energies  of  alkali  atoms  with  different  Z 
numbers  over  an  extended  period  of  time  (~  year).  We  estimate  that  using  Rb  and  Cs  fountains,  d  /  cc  can  be  tested  at  a 
level  of  10  per  year,  which  would  represent  a  100  -fold  improvement  compared  to  the  present  best  laboratory  tests. 

In  conclusion,  we  have  opareted  a  ®^Rb  fountain.  The  psent  short  stability  of  this  Rb  clock  is  1.5  lO  ’^  t  Given  its  small 
coUisional  shift,  Rb  seems  to  be  able  to  surpass  the  Cs  primary  frequency  standard  and  reach  the  10  accuracy  range. 


3.CONCUSIONS 

We  have  opareted  a  ^’Rb  fountain.  The  present  short  stability  of  this  Rb  clock  is  1.5  lO  '^  x  Given  its  small  collisional 
shift,  Rb  seems  to  be  able  to  surpass  the  Cs  primary  frequency  standard  and  reach  the  10'^’  accuracy  range.  The  second 
point  of  interest  is  the  fact  that  accuracy  in  the  lO  ’®  range  should  make  it  possible  to  search  for  possible  drift  of  the  fine 
structure  constant  a  =  e^/ he  with  time. 
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ABSTRACT 

A  small  average  power  CO2  laser  for  some  industrial  applications  is  presented  The  laser  might  operate  both  in  a  continuous 
regime  and  in  a  pulsed  one  or  in  a  combination  of  two.  Average  power  up  to  20  W  md  peak  power  of  several  hundreds  of 
kW  has  been  achieved  The  advantages  of  the  good  optical  quality  beam  of  a  longitudinal  discharge  laser  and  of  a  high  peak 
power  pulsed  regime  are  simultaneously  achieved.  A  high  voltage  c^)acitor,  which  is  switched  on  by  means  of  a  rotary 
spark  gap,  sustains  the  pulsed  regime.  The  commutation  between  the  two  regimes  might  be  easily  done  and  a  mixed 
operation  Is  obtainable.  By  superposition  of  the  two  regimes,  a  continuous  hating  of  the  material  the  continuous  beam  as 
well  as  an  evaporation  due  to  high  peak  power  are  obtainable.  Drilling,  cutting  and  marking  of  different  types  of  glasses  as 
well  as  difFerent  plastic  materials  were  performed 

Keywords:  laser,  material  processing,  atomic  force  miCTOScopy. 

1.  INTRODUCTION 

The  low  cost  operation  of  the  CQ2  laser  continues  to  recommend  it  to  be  an  attractive  tool  for  much  specific  application. 
The  small  power  (10...  50  W)  lasers  are  still  widely  used  Some  of  the  applications  of  these  lasers  need  an  average  high 
power  level  other  ones  need  a  high  peak  power.  A  hybrid  smaU  power  CO2  laser  for  material  processing  is  presented  here. 
Average  power  up  to  20  W,  peak  powers  of  hundreds  of  kW  and  beam  divergence  of  0.7  mrad  have  been  obtained  The 
pulse  operation  is  sustained  by  means  of  a  rotary  spark  g^.  The  radiation  of  CO2  laser  is  stron^y  absorbed  in  passes.  As  a 
consequence,  CO2  laser  sustained  cutting,  etching,  polishing,  forming  of  microstructures  are  possible  .  Fine  polishing  of 
glass  is  reported  here.  Also,  fine  polishing  of  optical  fiber  ends  was  accomplished 

Stmcture  modifications  of  the  irradiated  material  are  studied  using  atomic  force  micros<»py  (AFM).  AFM  has  become  the 
most  popular  ype  of  microscopy  using  a  probe  mounted  on  a  very  small  spring  cantilever.  When  the  probe  is  scannM 
across  the  «miplff  the  force  between  the  p-obe  tip  and  sample  changes  as  the  surfece  features  encountered  causmg  the 
spring  cantilever  to  deflect.  In  order  to  obtain  the  magnitude  of  the  height  displacement,  a  laser  and  four-quadrant  detector 
are  used  to  detect  the  motion  of  spring  cantilever  and  povide  a  feedback  signal  as  it  is  scanned  across  the  sample. 

2.  EXPERIMENTAL  DEVICE 

A  hybrid  i^ngimHin^l  CO2  laser  is  presented"  (Fig.  1).  The  laser  might  oprate  in  a  continuous  wave  regime,  in  a  pulsed 
regime  or  in  a  superposition  of  two.  The  laser  tube  is  a  60  cm  length  11  mm  internal  diameter  pyrex  ^ass  tube.  The  coolmg 
water  flows  through  a  plastic  pip  which  is  pt  in  windings  around  the  laser  tube.  No  additional  water  fill^  ^ass  envelope 
is  necessary.  The  discharge  electrodes  consist  of  a  hollow  anode  A  and  a  hollow  cathode  K.  The  continuous  regune  is 
sustained  by  the  high  voltage  suply  HV,  and  the  ballast  resistor  Ri .  A  simple  rotary  sp^  gap  (RSG)  rapdly  swipes  the 
discharge  of  the  capcitor  C  through  the  gas  mixture.  The  capcitor  value  was  varied  in  the  range  of  5...20  nF.  'me  hip 
voltage  supriy  HV2  charges  the  capcitor  by  the  resistor  R2  up  to  25  kV.  The  pulse  reptition  rate  might  be  continuously 
varied  by  varying  the  rotation  speed  of  the  central  plate  of  the  rotary  spark  pp  till  several  tenth  of  Hz.  Six  ymetnc^y 
placed  pins  multiply  by  six  the  rate  of  reptition  of  the  pulses.  The  divergence  of  the  laser  beam  was  found  to  be  0.7  mrad. 

♦Correspndence:  Email; udrea@newton.physics.metu.edu.tr 
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Fig.  1  Experimental  device 

Fig.  2  represents  the  interaction  of  the  beam  with  a  plastic  sheet  placed  in  front  of  the  laser.  The  monomode  beam  profile 
might  be  observed.  The  divergence  was  measured  over  a  15-m  distance.  The  results  are  plotted  in  Fig.  3. 


2  Near  field  beam  profile 
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Fig.  3  Beam  propagation 


3.  MATERIAL  PROCESSING  USING  THE  CO2  LASER 


3.1*  Hole  drilling 

Many  industrial  apf^cations  of  lasers  involve  the  creation  of  an  extended  cavity  within  a  material.  Laser  hole  drilling  can  be 
successfully  employed  to  produce  components  such  as  inkjet  nozzle.  Low  ablation  threshold,  minimal  thermal  damage  and 
high  optici  resolution  have  made  excimer  lasers  the  favoured  tool  for  these  applications.  However,  from  the  stan^x)mt  of 
low  operating  cost  and  industry  acceptability,  pulsed  CO2  lasers  are  attractive  if  suitable  hole  quality  can  be  obtained\  Laser 
radiation  enters  the  drill  hole  and  is  dissipated  at  its  surface.  A  temperature  gradient  exists  between  the  interface  where  the 
laser  radiation  is  absorbed  and  the  surrounding  solid.  Due  to  this  temperature  gradient,  microcracking  of  glass  by  CO2  laser 
irradiation  is  occurring  (see  Fig.  4).  The  stu(ty  of  microcracking  production  and  the  use  of  some  methods  to  avoid  or  to  limit 
cracking  are  very  important  for  practical  applications.  The  hole  quahty  depends  on  the  limitation  of  cracking. 
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Our  experiments  consist  of  the  irradiation  of  a  ^ss  sample  till  a  hole  is  achieved  The  diameter  of  the  hole  was  found  to  be 
about  300  microns  (Fig.  5).  An  air  fan  was  used  to  cool  the  sample  during  the  irradiation. 


Fig,  4  Microcrackiiig  initiation 
(power  density  <  40  W/  cm^) 


The  frarlring  development  was  limited  by  using  a  cooling  unit.  This  allows  us  to  prevent  aftre  irradiation  thermal  stress. 
This  thermal  stress  is  responsible  for  cracking  occuring.  By  moving  the  sample  in  fixrnt  of  the  beam  at  a  constant  speed  a 
chain  of  cracking  is  developing  as  it  mi^t  be  seen  in  Fig.  6. 

No  cooling  is  necessary  in  hole  drilling  when  we  have  used  a  mixed  regime  (the  superposition  of  the  continuous  regime  and 
the  pulsed  one).  The  material  is  heated  by  the  cw  beam  and  it  is  evaporated  by  the  pulses. 


Fig.  6  Mcrocracking  development  (speed  0.8  mm/s,  3  mm 
thin  glass,  20  W/cm^  power  density) 


3.2.  Glass  catting 

The  cutting  of  glasses  has  a  lot  of  aHJiications.  Even  the  ^ss  cutting  was  one  of  the  first  industrial  laser  ^licatitw, 
recent  advances  to  laser  glass  cutting  were  jnesented  this  year  to  different  top  international  meeting  (Society  for  Information 
Display,  San  Jose,  California,  USA,  1999;  CLEO’99,  Munchen,  Germany,  1999). 

For  exan^le,  Accudyne  laser  system  passes  li^  fi’om  a  200  W  CO2  laser  throu^  m  optical  path  of  four  zinc  seleni^ 
During  the  cutting  jnrocess,  ihe  beam  is  followed  ly  a  cooling  stream  of  helium  gas  (that  can  also  be  mixed  with 
water)  to  quench  the  substrate  and  facilitate  the  glass  separation.  The  laser  provided  by  the  Schott  Compmy  i^s  a  10,6  pm 
CO2  ia<pr  to  the  glass  along  the  desired  scribe  line,  followed  immediately  by  a  jet  stream  of  cooling  air.  The  cuttmg 
speeds  for  different  types  of  glasses  of  1-mm  width  vary  from  7  cm/s  to  20  cm/s. 
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The  primary  current  application  is  cutting  thin  glass  panel  for  plasma  displays.  Other  applications  include  automotive  glass, 
vacuum  tubes,  and  glass  tubes  for  medical  and  chemical  applications. 

In  spite  of  the  fact  that  the  power  of  our  laser  is  not  so  hi^  we  were  able  to  get  some  useful  results  regarding  the  interaction 
of  the  laser  beam  with  different  types  of  glasses  and  to  develop  a  new  method  to  cut  glasses  that  will  be  presented  below. 

An  example  of  cutting  3-mm  glass  at  .8  mm/s  speed  is  idiown  in  Fig.  7. 


Fig.  7  Glass  cutting  without  cooling  Fig.  8  CHass  cuttiiig  under  water 

speed:  0.8  mm/s;  3  mm  thin  glass  speed  0.8  mm/s;  3  mm  thin  glass 


An  innovative  method  of  cutting  without  cracking  has  been  developed  It  consists  of  the  introducing  of  the  sample  into 
water  in  such  a  manner  that  only  a  thin  layer  of  water  is  covering  the  glass  surface.  So,  a  good  cooling  of  the  whole  sample 
is  accomplished  In  Fig.  8  a  perfect  cut  which  was  obtained  using  this  method  is  shown. 

3.3.  Fine  polishing  of  glasses 

For  a  given  small  power  (tensity,  the  aspect  of  the  irradiated  surface  is  a  very  specific  one.  We  call  it  UFO  like.  Its 
mcroscopic  picture  is  given  in  Fig.  9.  A  fine  polished  surface  is  revealed  The  surface,  which  is  shown  in  Fig.  9,  was 
inve^gated  also  using  atomic  force  microscopy.  A  clear  difference  between  the  quality  of  the  glass  before  and  after 
uradiation  mi^t  be  observed  So,  a  method  to  fine  polishing  of  glass  surfaces  was  put  into  evidence.  A  power  (tensity 
threshold  of  about  20  W  /cm^  was  found  The  uradiation  time  was  about  15  seconds.  For  larger  surface  two  methods  might 
be  used:  a  laser  scanning  of  the  surface  and  the  use  of  a  more  powerful  laser  which  is  able  to  assure  a  uniform  power  (tensity 
in  the  given  time  onto  the  whole  surface.  The  parameters  which  we  have  found  to  be  the  optimal  ones  means  an  energy 
density  of  about  300  J/  cm^. 


Fig  9  UFO  like  polished  surface  (power  density  20  W/cm^) 
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Kg.  10  Glass  sur&ce  before  laser  polishing  Fig.  11  Glass  surface  after  laser  polishing 

3.4.  Optical  fiber  polishing 

Taking  into  account  the  results  we  have  obtained  by  laser  glass  polishing  we  have  perfomed  the  polishing  of  the  ends  of 
optical  fibers.  The  surfaces  of  the  sample  were  photographed  both  before  and  after  irradiation.  The  inmge  of  the  optical  fiter 
end  was  taken  means  of  an  Leitz  optical  microscope  and  an  TopoMetrix  atomic  force  microscope.  The  optical 
microscope  image  was  lead  to  a  computer  connected  CCD  camera  as  in  the  {ffevious  experiments. 


Core 
and 

cladding 

Plastic 
coatings 


Fig.  12  Optical  microscope  picture  J’ig*  Optical  microscope  picture 

of  the  optical  fiber  end,  before  irradiation  of  the  optical  fiber  end,  afta:  irradiation 

(mechanically  cut,  5  pm  alumina  powder  (  x  10  magnification) 

pre-polished,  x  10  magnification) 

This  part  was  deeply  investigated  by  means  of  an  atomic  force  microscope  and  the  results  are  given  in  Figs.  14  and  15. 
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Fig.  14  Atomic  force  inicn>sco{^  picture  Fig.  15  Atomic  force  microscope  picture 

of  the  sample,  before  irradiation  of  the  sample,  after  irradiation 

It  mi^  be  easily  seen  from  the  atomic  force  microscope  picture  how  the  hills  are  melted  and  disappeared  after  a  proper 
laser  irradiation.  Also,  the  plastic  coatings  around  the  core-cladding  structure  are  completely  evaporated  for  several 
millimeters  depth. 

In  conclusion,  the  use  of  a  low  power,  reliable  and  cheap  laser,  as  CO2  laser  is,  is  still  an  efficient  method  of  material 
processing.  We  have  investigated  here  the  capability  of  this  laser  to  perform  glass  processing  as  drilling,  cutting,  polishing. 
A  lot  of  plastic  materials  find  in  the  CO2  laser  a  convenient  tool. 

The  superposition  of  the  continuous  wave  beam  and  the  pulsed  beam  delivered  hy  the  same  laser  tube  increased 
significantly  the  quality  of  the  holes  which  were  peformed  in  glass. 
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ABSTRACT 

One  of  our  latest  developments  regards  the  achievement  of  an  ommdirectional  acoustic  transducer  able  to  work  in  marine 
environment  in  a  wide  band  of  frequency.  Our  research  has  involved  allowing  a  fairly  linear  variation  of  the  impedance 
active  component  This  paper  presents  some  aspects  concerning  the  effective  achievement  of  the  acoustic  transducer  and  the 
conqiensation  of  the  impedance  reactive  component  in  order  to  obtain  a  maximum  transfer  of  power.  The  acoustic 
transducers  have  a  specific  construction  and  are  made  of  PZT-type  piezoelectric  ceramic  obtained  in  laboratory.  Some 
essential  aspects  of  the  measurement  methodology  and  the  results  obtained  are  also  addressed. 

Keywords:  PZT  ceramics,  acoustic  transducer 


1.  INTRODUCTION 

The  p^r  presents  the  way  of  development  of  a  transducer  for  noise  simulation  of  a  ship,  which  is  moving  with  variable 
speed,  in  a  given  fiequency  range. 

Mainly,  the  noise  radiated  by  a  ship  could  be  seen  as  a  white  noise,  amphtude  modulated  by  the  propeller  fiequency’ . 

The  first  figure  presents  principle  scheme  of  such  a  simulator,  its  load  being  the  wide  band  acoustic  transducer. 


Fig.  1  Scheme  of  the  noise  simulator 


The  simulator  of  the  ship  noise  contains  the  following  items; 

•  the  wide  band  acoustic  transducer,  built  to  operate  in  marine  environment,  with  maximum  transfer  of  the  energy; 

•  the  power  amplifier,  which  ensures  the  required  acoustic  pressure  level; 

•  the  signal  generator,  which  provides  white  noise  in  the  given  band,  modulated  by  the  propeller  fiequency; 

•  the  microcontroller  which  makes  data  acquisition  in  form  of  a  DC  voltage,  proportional  with  the  propeUer  speed,  and 
controls  the  signal  generator  modulation. 

The  propeller  frequency  depends  on  the  number  of  propeller  blades  and  the  reduction  ratio  of  the  gear,  as  follows: 
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In  SIOEL  ’99:  Sixth  Symposium  on  Optoelectronics,  Teodor  Necsoiu,  Maria  Robu,  Dan  C.  Dumitras,  Editors, 
Proceedings  of  SPIE  Vol.  4068  (2000)  •  0277-786X/00/$  15.00 


663 


60 


where:  Np-  number  of  blades; 

Rr  -reduction  ratio  of  the  gear, 

V  -  voltage  of  the  tat-generator  that  measures  the  propulsion  engine  speed. 

The  mcro-controller  (pC)  makes  acquisition  of  data  from  max.  4  engines,  computes  the  frequency  of  each  propeller  and 
then  it  generates  the  modulation  tension  for  the  signal  generator. 

Thus,  the  white  noise  on  the  transducer  is  amplitude  modulated  the  signal  given  by  the  following  relationship: 

^  1=0 

where:  ai  takes  0  or  1  values. 

In  order  to  provide  the  required  acoustical  pressure  level,  the  pC  controls  the  electrical  power  generated  through  the  power 
amplifier. 

The  variation  of  the  electncal  power  applied  to  the  transducer  is  controlled  by  changing  the  power  supply  tension, 
performed  by  a  software  based  on  loading  current  surveillance. 

2.  THE  CONSTRUCTION  OF  THE  BROAD  FREQUENCY  RANGE  TRANSDUCER 

In  order  to  reach  the  proposed  aim,  as  we  presented  above,  a  stiKfy  on  the  transducer  presented  in  Fig.  2  was  performed'’. 

The  transducer  contains  the  main  elements: 

•  the  acoustic  envelope  (1); 

•  the  ensemble  of  the  piezo-ceramic  elements  (2); 

•  the  coupling  fluid  (3). 


1  2  3 


Fig.  2  Scheme  of  the  transducers  ensemble 
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The  pTififtmhle  of  the  piezo-ceramic  element  (2)  contains  a  spherical  (Tl)  and  cylindrical  (T2)  pezo-ceramic  elements, 
parallel  coupled. 

The  inductance  LI  makes  a  compensation  of  the  reactive  part  of  the  transducer  impedance,  in  the  middle  of  the  band,  in 
order  to  obtain  a  imiform  variation  of  the  active  part  of  it. 


The  piezo-ceramic  aipmstits  and  the  compensation  inductance  are  located  on  a  mechamcal  structure,  and  they  are  covered 
by  an  acoustic  transparent  envelope  (1).  This  envelope  is  made  of  a  mechanical  structure,  covered  by  rubber  and  has  the 
acoustic  impedance  of  the  working  environment^. 

The  ensemble  of  the  piezo-ceramic  element  (2)  is  sunk  in  the  coupling  fluid  (3),  which  ne^ly  has  the  same  impedance  as 
the  working  environment.  The  transducer  built  as  above  mentioned,  is  a  rigid  and  water-tight  body  and  can  work  in  the 
marine  environment,  with  maximum  energy  transfer. 

The  aim  of  this  way  of  building  is  to  provide  a  coupling  element  between  the  piezo-ceramic  elements  and  the  working 
environment,  which  would  be  able  to  prevent  major  loss  of  energy.  In  this  case,  the  coupling  element  contains  two  layers: 
one  of  them  is  made  of  castor  oil  in  which  the  element  (2)  was  sunk,  and  the  second  layer  made  of  a  rubber  mixture.  Both 
layers  have  the  same  acoustic  impedance.  The  thickness  of  the  rubber  layer  is  equal  to  W2,  in  order  to  take  into  account  the 
transparency  and  reflection  coefficients,  in  the  middle  of  the  band"* . 

The  piezo-ceramic  elements  are  of  PZT  type  in  a  stracture:  Pb(Zro.53  Tio, 47)03  obtained  through  classical  technology  from 
oxide  powders  (Zr^,  Ti02  and  PbO),  in  laboratory. 

These  piezo-ceramic  elements  have  the  following  properties: 

•  mass  density  -  7.5  g/cm3 

•  electromechanical  coupling  coefficient  -  Kp  =  0.55 

•  loss  fector  -  tg5  =  0.01 

•  permittivity  coefficient  s  =  1000. 


3.  EXPERIMENTAL  RESULTS 
There  were  three  stages  in  manufacturing  the  wide  band  acoustic  transducer. 

During  the  first  stage,  the  ensemble  of  piezo-ceramic  elements  was  obtained  fi*om  spherical  and  cylindrical  elements  to 
cover  the  required  fir^ency  band.  Impedance  measurements  for  both  air  and  oil  were  performed  and  thus  the  value  of 
compensation  inductance  of  the  reactive  part  was  computed  and  adjusted  in  such  a  way  that  the  active  part  of  the  ensemble 
impedance  to  be  approximately  a  line  and  to  minimise  the  loss  of  power. 

During  the  second  stage  a  coupling  system  between  acoustic  ensemble  with  the  environment  was  obtained.  The  aim  was 
that  the  power  loss  to  be  the  least.  Thus  a  rubber  mixture  with  “pc”  almost  equal  to  those  of  seawater  was  studied  Fmally, 
both  l^ers,  castor  oil  and  rubber,  should  ensure  a  maximum  transparency  coefficient. 

The  following  table  presents  the  main  characteristics  of  that  “pc”  rubber  in  comparison  with  castor  oil  and  sea  water:  (Tab. 
1) 


rubber 

Castor-oil 

Sea  water 

Mass  density  p  (kg/m3) 

1050 

950 

1026 

Sound  speed  c(ni/sec) 

1466 

1540 

1500 

Acoustic  impedance  pc  (rayls) 

1.54  •  10® 

1.45  •  10® 

1.54  •  10® 

During  the  third  stage,  measurements  of  the  whole  transducer  were  performed,  as  follows: 

a)  impedance  vs.  fi*equency  ( the  three  voltmeter  method ,  keying  the  same  output  voltage  on  the  generator). 

The  scheme  is  presented  hy  Fig.  3: 
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Fig.  3  Impedance  measuring  circuit  for  the  transducers  ensemble 
Fig.  4  presents  the  variation  of  the  active  part  of  transducer  impedance: 


Fig.  4  Impedance  active  resonance  oscillation  with  frequency  of  the  transducers  ensemble 

b)  plotting  the  directive  diagram  of  the  transducer  in  a  horizontal  plane.  The  directive  diagram  plotting 
performed  in  a  phono-absoibant  tank,  using  the  scheme  in  Fig.  5^. 


2  -  Wide  band  transducer 

3  -  Hydrophon  type  8101 


Fig.5  The  measuring  scheme  of  the  directivity  diagram  of  the  transducers  ensemble 

Fig.  6  iH^sents  the  results  obtained  from  plotting  the  directive  diagram  of  the  transducer,  for  the  central  frequency  of  the 
working  band,  in  rectangular  co-ordinates'*: 


Fig.  6  The  directivity  diagram  of  the  transducers  ensemble 


c)  measurement  of  the  acoustic  pressure  generated  by  whole  transducer  in  frequency  band.  The  measurement 
scheme  is  presented  Fig.  7: 
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Fig.  7  The  measuring  scheme  of  the  acoustic  pressure  level 

Wide  band  transducer-  WBT  was  fed  as  the  Fig.  1  presented  The  measurement  took  place  in  a  phono-absoibant  tank. 
The  variation  of  the  acoustic  pressure  in  dB  (reference  -  1  pPa)  is  presented  in  Fig.  8: 


E 


Lp  rdB/uPa) /01  m 


Frequency  (kHz) 


Fig.  8  Ihe  oscillation  of  the  acoustic  pressure  level  in  the  working  (wave)  band 
The  results  met  the  proposed  aim. 


4.  CONCLUSIONS 

This  paper  presents  certain  technological  aspects  regarding  the  achievement  of  piezoceramic  transducers  to  be  used  within  a 
one-way  acoustic  transducer  for  a  maximum  transfer  of  power.  The  methodology  measuring  of  them  as  well  as  the  results 
obtained  are  equally  summarised  below. 
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ABSTRACT 

This  paper  describes  equipment  used  for  gluing  the  parts  of  an  optoelectronical  detector’.  Two  rails  compose  this  equipment 
and  a  dispenser  and  electronically  system  for  control  the  moving  of  dispenser  in  two  directions  and  the  start/  stop  of  the 
glue.  For  rails  we  use  modular  components.  The  moving  on  the  X  direction  is  realized  with  two  long  shaft  and  bushing.  For 
transversal  moving  we  use  a  special  guiding  and  bushing.  This  equipment  will  fixed  on  a  granite  table  using  special  support. 
Electronic  system  will  fixed  on  a  control  panel'  near  a  granite  table  and  will  link  with  thin  and  very  flexible  cable  with 
equipment. 

Keywords:  Gluing  equipment,  devices  for  gluing  A1  tubes 

1.  INTRODUCTION 

The  optoelectronical  detector  -  drift  chamber  will  be  used  in  muon  system  of  Atlas  collaboration  at  CERN.  This  chamber  is 
composed  by: 

1.  frame; 

2.  two  multilayer  with  A1  drift  tubes; 

3.  optoelectronic  system; 

The  frame  is  composed  by  two  long  beams  and  three  cross  plates. 

The  multilayers  are  composed  by  three  layers  of  A1  drift  tubes  each  and  glued  on  the  both  side  of  the  chamber  fi-ame. 

The  optoelectronic  system  is  composed  by  an  optic  system  connected  to  a  computer.  This  system  can  monitoring  and 
controls  the  correct  position  of  detector. 

During  the  fabrication  of  detector  we  are  need  to  use  special  tools.  This  tool  was  realized  with  a  very  high  accuracy  and 
with  the  respect  of  the  technical  restriction^’^. 

For  fabrication  we  are  need  a  granite  table  where  we  put  all  the  tools  and  a  dedicated  chamber  for  this  application  with 
special  condition  for  environment.  This  restriction  was  impose  by  the  granite  table  and  other  tools  and  devices  because  if  we 
don’t  use  this  condition  of  environment  the  surface  of  a  granite  table  and  other  systems  will  be  not  in  the  range. 

On  the  granite  table  we  have: 

1 .  support  for  detector  frame; 

2.  support  for  A1  drift  tubes; 

3.  gluing  equipment. 

The  support  for  detector  frame  is  composed  by  six  high  precisions  towers,  three  for  each  long  side  of  detector.  Three  towers 
are  fixed  on  the  support  for  A1  tubes  and  three  towers  can  be  moved  on  the  granite  table. 
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The  support  for  tubes  is  a  suction  equipment  used  for  keep  the  tubes  during  the  gluing  procedure  of  the  tubes  on  the 
chamber  fiame. 

Gluing  equipment  is  used  for  gluing  the  tubes  on  the  frame.  Is  feed  on  the  granite  table  with  supports. 

2.  DESCRIPTION  OF  EQUIPMENT 

Gluing  equipment  (Fig.  1)  is  electromechanical  equipment  fixed  with  support  on  the  granite  table  used  for  gluing  the  tubes 
on  die  chan^r  fiame. 


Fig.  1  Glue  Machine 


This  equipment  is  composed  by: 

-sapjpOTts; 

-  rail  for  x  axis; 

-  rail  for  y  axis; 

-  electronic  system. 

The  direction  for  moving  is: 

-  X  direction  for  moving  along  tubes; 

-  Y  direction  for  moving  in  a  perpendicular  direction  to  the  tubes; 

-  Z  direction  for  moving  in  the  direction  perpendicular  to  X  and  Y. 

The  sui^rt  are  made  fi*om  modular  aluminum  profile,  coimected  with  special  connectors  and  nuts  and  fixed  on  the  granite 
table. 

Rail  for  X-axis  is  composed  by: 

-bai^; 

-  guiding  system; 

-car; 

-  actuator. 


The  base  is  made  firom  aluminum  and  is  mounted  on  the  modular  aluminum  support.  Guiding  system  is  mounted  on  the 
base.  Using  this  system  the  fiction  is  insignificant  and  we  can  use  a  small,  usual  and  not  powerful  actuator.  Two  shafts  and 
four  bushing  compose  the  guiding  system. 
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The  car  is  mounted  on  the  guiding  system.  On  the  plate  we  mounted  a  rack  for  moving  the  transversal  car  along  the  Y-axis, 
the  pieces  for  mechanical  stop,  two  switchers  for  stop  the  actuator  on  the  X-axis  (Fig.  2). 


Fig.  2  Rails  for  Glue  Machine 


The  rail  for  Y-axis  is  composed  by  : 

-  long  beam  for  support  Ae  Y  moving; 

-  two  special  guiding; 

-  wheel  assembly  ; 

-  two  dispensers; 


Long  beam  is  mounted  on  car.  On  the  long  beam  is  mounted  the  special  guiding  system,  the  wheel  assembly  and  the 
dispensers.  Wheel  assembly  is  made  from  aluminum  profile  and  the  wheel.  The  diameter  of  the  wheel  and  distance  between 
two  wheels  is  the  similar  with  the  distance  between  two  tubes  on  the  support  on  the  granite  table. 

The  dispenser  (Fig,  3)  is  composed  by: 

-frame; 

-  three  actuator  for  pushing  the  glue; 

-  two  actuator  for  stop  glue; 

-  an  actuator  with  gear  box  for  transversal  moving; 

-  three  cylinder  for  pushing  glue; 

-  special  wheel  assembly; 

-  guiding  for  moving  along  Z  axis; 

-  nozzle. 


Fig.  3  Dispenser 


The  dispenser  can  be  moved  on  the  transversal  direction  using  an  actuator  with  a  geaibox.  The  dispenser  is  moved  step  by 
step  using  the  wheel  assembly  (Fig,  4  a  and  4  b). 


Fig.  5  Wheel  assembly 

The  nozzle  is  special  designed  for  this  application  Is  made  from  brass. 

In  Fig.  6  is  presented  a  nozzle  composed  by: 

-  outlet; 

-body; 

-  special  shaft; 

The  outlet  is  designed  after  research  regarding  gluing  the  tubes. 


Fig.  6  Nozzle 


3.  METHOD  FOR  OBTAIN  THE  NOZZLE 

As  we  mptifinnfiH  for  gluing  the  tube  is  very  important  how  we  desi^  the  outlet  and  how  we  tuning  the  speed  of  the  car 
along  X-^xis,  a  speed  of  the  actuator  for  push  the  glue  through  the  cylinder. 

For  glue  the  tubes  we  get  two  lines  of  glue  at  60  and  120  degree  and  one  glue  line  has  to  be  applied  to  the  gap  between  two 
tubes.  For  this  reason  the  nozzle  will  be  provided  with  three  outlets. 

A  cross  sectional  area  of  a  rope  of  glue  0.5  mm^  is  enough  to  produce  a  good  fixation  of  a  next  layer.  The  width  of  rope  is  3 
mm.  For  obtain  a  good  fixation  of  the  tubes  we  choose  araldit  for  glue  and  after  research  we  find  that  the  speed  of  the 
dispenser  is  0.25  m/  sec^. 

The  force  that  we  are  need  to  push  the  glue  throng  the  cylinder  for  obtain  a  good  rope  is  125  N.  For  fabrication  the  detector 
we  have  a  limits  of  the  time  for  gluing  a  layer,  75  min.  This  is  the  reason  for  that  we  use  two  headers  in  parallel  and  with 
this  solution  we  obtain  an  considerable  reduction  of  time  for  gluing  a  layer^. 

4.  CONCLUSIONS 

The  equipment  for  gluing  the  parts  of  an  optoelectronical  detector  was  designed  as  a  modular  system.  For  this  reason,  the 
components  of  equipment  can  be  very  assembled  and  disassembled  using  common  tools. 

TTiis  is  an  semiautomatic  machine.  Using  photo  gates,  switchers,  the  machine  glue  the  components  of  an  optoelectronical 
detector,  controlling  the  moving  of  dispensers  in  2  axis. 
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ABSTRACT 

An  optoel^tronical  detector  is  composed  by  a  hame  where  we  assemblies  all  the  parts.  Technical  condition,  20  jim  on  the 
wire  positioning  requires  a  hi^  level  of  mechanical  precision  in  the  assembly  procedure.  During  the  procedure  of 
fabncadcm  the  hame  of  detector  is  fixed  on  a  speaal  support.  For  obtain  high  assembly  precision  compensation  of  this 
deformation  is  necessary.  The  equipment  for  compensate  this  deformation  is  composed  by  a  pneumatic  system,  with  sensor 
for  measurement  the  force  and  a  PC  for  monitoring  and  controlling  This  paper  describes  the  method  for  measurement  the 
sag  of  frame  of  an  optoelectronical  detector  using  pneumatic  equipment. 

Keywords:  calculus  of  the  sag  electropneumatical  equipment 

1.  INTRODUCTION 

For  muon  system  of  Atlas  collaboration  at  CERN  an  optoelectronical  detector  -  drift  chamber  will  be  used  This  detector  is 
composed  by  a  frame  and  two  multilayers  of  A1  drift  tubes  ^ued  on  the  both  side  of  the  frame.  The  frame  is  design  from 
two  long  beams  and  three  cross  plate.  Jta  the  frame  is  inserted  optic  and  electronic  system^ . 

Technical  condition,  20  on  the  wire  positioning  requires  a  high  level  of  mechanical  precision  in  the  assembly  procedure. 
The  drift  chamber  will  be  supported  in  the  general  assembly  of  experimental  set  up  at  the  ends  of  the  long  beams. 

During  procedure  of  &brication  the  chamber  will  be  supported  to  a  mechanical  system  by  using  six  high  precision  towers  by 
the  ends  of  tree  cross-plates.  In  order  to  glue  the  layers  of  tubes  to  the  frame  of  detector  with  high  precision,  the  cross  plate 
tave  to  be  precisely  positioned  with  respect  to  the  jig  which  determines  the  position  of  the  layers  of  tubes  to  be  glued  This 
is  achieved  by  holding  in  precise  position  the  end  of  the  cross  plates.  In  this  configuration,  the  cross  plate  of  the  detector 
would  sag  more  than  when  is  mounted  in  the  general  assembly  of  detector,  where  they  are  supported  in  the  *Bessel  point”, 
by  a  factor  48.  As  a  result,  a  cross  plate  satisfying  the  sag  specification  of  the  design  could  however  have  unacceptable  sag 
during  the  assembly  procedure. 

As  cross-plates  are  sui^rted  differently  during  chamber  fabrication  than  when  installed  in  the  experimental  set  up,  a  cross¬ 
plate  sag  compensation  system  is  necessary.  This  problem  was  solve  using  a  special  equipment  assisted  by  computer  who 
su|^rt  the  frame  in  the  "Bessel  point  "(Fig.  la,  lb),  gaining  back  the  factor  48,  so  that  cross  plate  support  correctly  the  tube 
in  deteaor,  would  also  meet  the  requirement  during  the  assembly.  This  device  is  special  designed  to  compensate  the  sag  of 
the  frame  of  detector  and  finally  the  frame  will  be  in  plane  in  range  of  technical  restriction. 

From  simjde  beam  calculations  in  the  case  of  uniform  load,  with  the  optimal  support  described  above,  a  reduction  in  the  sag 
with  a  :&ctor  252  with  respect  to  the  case  of  a  simple  support  at  the  ends  is  obtained.  Such  a  large  factor  will  allow  reducing 
even  large  sags  to  acceptable  values  of  a  few  microns?. 


♦  C^orrespondence:  E-mail:  bnndiis-comanc$cu:^/i.vahoo.coni:  Telephone:  00401.780.66.40;  Fax:  00401.423.25.32 
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ilg.  1  b)  Illustration  of  the  pneumatic  supporting  system  for  the  cross-plates 


1.1.  Description  of  method  for  compensate  the  sag  of  frame  > 

In  the  Fig.  2  two  forces  are  applied  on  the  long  beams,  si5)porting  the  full  weight  of  the  cross  plates  plus  long  beam  plus 
tube  load  In  this  configuration  the  cross  plate  shape  will  be  exactly  the  same  as  when  the  chamber  is  mounted  in  the 
apparatus.  At  two  ends  a  high  precision  sphere  is  attached  to  the  cross  plate,  with  a  symmetric  bracket.  The  deflection  of  a 
cross  plate  will  be  exactly  the  one  product  by  the  "Bessel  Support" 


Fig.  2  A  schematic  drawing  of  the  cross-plate  siqjporting  scheme 


A  bar  on  one  side  of  the  end  cross  plate  and  two  bars  at  two  sides  of  a  middle  cross  plate  are  connected  to  the  long  beams 
and  are  supported  at  their  ends  on  pneumatic  push-up  group  (Fig.  3a).  The  pressure  inside  the  pneumatic  pistons  determines 
the  forces,  which  through  the  bare  are  transmitted  to  the  long  beams  and  through  the  long  beams  to  the  cross  plates 
(Fig.  3c).  The  positions  of  the  pistons  and  of  the  bars  will  adjust  according  to  the  position  of  the  cross  plate  determined  by 
spheres.  The  deflection  of  the  bar  is  irrelevant. 


Fig.  3  a)  Push-up  group  designed 


Fig.  3  b)  Push-up  group  realised 
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He.  3  c)  Middle  cross-plate  sags  for  various  barrd  chambers,  with  the  additional  forces  applied 


1.2  Description  of  equipment 

The  equipment  used  for  compensate  the  sag  during  the  fabrication  is  composed  by: 

-  8  push-up  group; 

-Sag  bars; 

-  Electronically  -  pneumatically  system  for  monitoring  and  control  the  deformation; 

The  push  -up  group  is  composed  by: 

-  I^eumatic  cylinder, 

-  Force  sensor, 

-  Mechanical  peces. 

Sag  bar  is  an  A1  profile  used  for  transmitted  the  force  to  the  frame  of  detector.  System  for  control  is  composed  by: 

-  Valve; 

-  Tubes; 

-  Reduction; 

-  PC  board  for  input  and  output; 

-  Signal  amplifier. 

At  the  end  of  the  sag  bars  we  have  the  push  -  up  group.  If  is  pressure  in  the  pneumatic  system,  the  cylinder  push  the  sag  bar 
with  a  force  and  the  sag  bar  push  the  frame.  The  sensor  measures  the  force  and  the  signal  is  input  using  a  PC  board  for 
special  data  acquisition  software.  With  this  software  the  computer  processed  the  input  and  send  by  a  PC  board  to  a  valve. 
This  valve  controls  the  pressure  throu^  pneumatic  cylinder  and  the  force. 

For  first  step  we  introduce  the  force  that  we  calculate  using  the  software  and  the  method  that  we  present  in  this  paper.  If  the 
force  is  good  the  force  read  by  sensor  is  ok  and  we  stop  the  loop  of  software  here.  If  the  force  read  by  sensor  is  different 
the  force  read  fi'om  data  base,  the  software  send  an  output  signal  to  valve  and  we  can  modify  the  force  throu^  the  cylinder 
until  we  obtain  the  good  value  of  the  force.  This  is  the  force  that  we  can  obtain  a  good  compensation  of  the  sag. 

2.  CALCULATION  OF  THE  SAG 


The  equation  for  profile  of  the  beam  v(z)  is: 

EJv“=pzV2-Rz-F(z-a)  (1) 

Where: 

E  -  modulus  of  elasticity 
J  -  momentum  of  inertia 
Cl  and  C2are  constant  of  integration 
After  integration  we  obtain: 

EJv  =  pz''/24  -  RzVe  -  F(z-a)^/6  +  Qz+Cj  (2) 

With  the  condition  z  >  a 


We  put  the  following  condition  for  obtain  the  constants: 

=  0  (symmetry)  (3) 

v(0)  -  0  (4) 

So  the  constant  of  integration  is: 

C,  =  -  {p(a+b)V6  -  R(a+b)^/2  -  Fb^/2}  (5) 

C2  =  0  (6) 
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(7) 


We  introduce  the  adimensional  coordinate; 

s  =  z/(L/2) 

and  the  following  adimensional  parameters; 

x  =  a/(L/2)  (8) 

y  =  F/(pL/2)  (9) 

with  this  notation  the  equation  of  beam  profile  (2)  is  now; 

v(s)  =  5pL^/384  { 1/5  [e''  -  4(l-y)e^  +  8e  +  12y(-2x+x^)s]  -  4/5y(8-x/}  (10) 

Where  0  <  e  <  1  corresponding  to  the  half  length  of  the  beam  and  the  term  4/5(e-x)^  has  to  be  considered  only  for  s  >  x 

The  multiplying  &ctor  is  the  maximum  sag  for  a  beam  only  supported  at  the  ends  (i.e.  for  x  =  0  and  v  calculated  at  e  =  1) 
Therefore  the  toction; 

f(s)  =  l/5[s''  -  4(l-y)s^  +  8e  +  12(-2x+x^)e]  -  4/5y(£-x)^  (1 1) 

represents  the  profile  of  the  beam  in  units  of  the  maximum  sag  when  the  beam  is  supported  at  the  two  ends  and  describes  a 
hpam  of  any  tpmgth  subject  to  any  uniform  load  of  any  elasticity  module  and  any  constant  momentum  of  inertia. 

fie)  gives  also  the  dependence  of  the  deformation  on  the  parameters  x  and  y  describing  where  the  force  is  aR)hed  and  what 
faction  of  the  load  it  balances. 

From  function  1 1  we  studied  two  cases; 

1.  y=l  •  w. 

This  is  the  case  when  only  two  supporting  force  are  appUed  to  the  beam  in  the  points  specified  x.  In  this  case  by 
tninimiying  the  difference  between  maximum  and  minimum  deformation  f^ax  -  fmin  we  found  the  optimal  value  for  x  where 
the  sag  in  minimum  The  value  is  x  =  0.1163  and  corresponds  to  "Bessel  points".  In  such  condition  the  maximum 
deformation  is  (sag  for  end  support  only)/  48. 

2.  y  <  1 

This  correspond  to  the  case  when  4  force  are  applied  to  the  beam  at  the  two  ends  and  in  two  internal  points,  specified  by  the 
piramptPT  x.  By  minimizing  the  maximum  deformation  one  can  estimate  the  optimal  value  for  x  and  y. 

They  are  x  =  0.62226  and  y  =  0.7658.  In  such  a  condition  the  maximum  deformation  is  (sag  for  end  support  only)/  252. 

The  profile  of  the  beam  for  cases  considered  above  is  shown  in  Figs.  4, 5  and  6.  In  those  figures  the  fiill  length  of  the  beam 
is  represented  with  an  adimensional  coordinate  going  from  0  to  1 . 


Kg.  4  The  profile  of  the  beam  stqiported  at  the  Bessel  points  (fuU  line)  and  at  four  points,  two  internal 

plus  the  two  ends  (dashed  line) 
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3.  CONCLUSIONS 


For  compensate  the  sag  of  j&ame  of  an  optoelectronical  detector,  we  use  a  special  equipment  assisted  by  computer.  This 
equipment  using  sensors  can  controlling  and  monitoring  in  real  time  the  sag  of  frame. 
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ABSTRACT 

We  present  fiberised  OCT  systems  developed  to  image  biological  tissue  with  high  depth  resolution. 
The  systems  can  deliver  transversal  as  well  as  longitudinal  OCT  images.  When  in  the  transversal 
mode,  the  systems  provide  a  confocal  image  simultaneously  with  the  OCT  image.  Design 
particularities  in  adopting  the  system  for  imaging  either  the  skin  or  the  retina  in  vivo  are  presented. 
They  refer  to  the  interface  optics,  power  to  the  tissue  and  imaging  speed.  Images  from  retina  and 
skin  in  vitro  and  in  vivo  are  shown.  When  applied  to  the  eye,  line  rates  up  to  1  kHz  and  frame  rates 
up  to  5  Hz  can  be  used.  In  order  to  improve  the  penetration  depth  in  skin,  lower  scanning  rates  are 
used.  Also,  flow  of  milk  into  a  vessel  simulator  is  investigated  using  Doppler  OCT.  In  this  case,  no 
transversal  scanning  is  applied.  The  laminar  profile  of  the  velocity  inside  the  vessel  is  determined  with 
the  depth  accuracy  of  the  OCT. 


Keywords:  scanning  laser,  ophthalmoscopy,  low  coherence  interferometry,  tomography 

1.  INTRODUCTION 

Optical  coherence  tomography  (OCT)  as  a  new  tool  for  imaging  the  tissue  was  developed  for  two 
reasons:  (i)  based  on  interference,  low  level  signals  reflected  by  the  tissue  are  enhanced  by  the  power 
in  the  reference  arm  of  the  interferometer';  (ii)  using  a  source  with  low  coherence  length,  depth 
resolved  images  can  be  produced  (depth  sampling  interval  is  10-20  pm  when  using  SLDs''  and  below 
4  pm  when  using  Kerr  lens  mode-locked  lasers ).  The  OCT  technique  applied  to  ophthalmology  has 
evolved  rapidly  in  the  last  few  years,  as  it  can  deliver  a  much  better  depth  resolution  than  scanning 
laser  ophthalmoscopes  (SLO)  based  on  the  confocal  microscopy  principle.  Initially,  different  set-ups 
for  measurement  of  intraocular  distances'  were  devised  and  lately,  the  emphasis  has  shifted  steadily 
towards  imaging.  Laboratories  throughout  the  world  have  reported  notable  results  in  the  OCT 
longitudinal  imaging  of  the  eye.  OCT  has  succesfully  been  applied  to  detect  and  image  abnormalities 
such  as  diabetic  retinopathy,  the  congenital  pit  of  the  optic  nerve  head,  vitreous  detachment,  central 
serous  chorioretinopathy,  inflamatory.  optic  neuropathy,  macular  holes  and  retinal  pigment 
epithelium  (RPE)  detachmenC. 

An  increased  interest  is  now  manifested  towards  extending  the  OCT  technique  to  skin  imaging"  and  to 
determine  the  flow  in  micro-capillaries.  However,  all  the  reports  in  literature  refer  to  longitudinal  OCT 
images,  i.e.  slices  in  the  object  which  contain  the  optical  axis.  This  is  explained  by  the  easiness  in 
their  production  in  comparison  with  transversal  OCT  images.  To  produce  longitudinal  OCT  images, 
the  same  device  scanning  the  object  in  depth  produces  the  carrier  for  the  image  bandwidth.  This  is  no 
longer  the  case  in  the  transversal  OCT,  where  the  reference  mirror  is  kept  at  rest  and  a  carrier  has  to 
be  produced  by  other  means.  We  have  been  interested  to  produce  transversal  OCT  images  with  high 
depth  resolution  and  developed  an  OCT  system  where  both  transversal  and  longitudinal  modes  of 
operation  are  possible.  We  apply  such  a  system  to  image  the  retina,  the  skin  and  characterise  the  flow 
in  vessel  simulators. 

For  further  author  information: 

Phone:  44  1227  764000/3762;  Fax;  441227827558;  e-mail:  A.G.H.Podoleanu@ukc.ac.uk 
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The  depth  resolution  in  the  OCT  channel  is  20  pm  and  in  the  confocal  channel  ^ 
measuring  the  eye  and  less  than  0.2  mm  when  measuring  skin.  For  the  eye  investigation,  the  gap  m 
Sle  range  of  depth  resolution  between  the  OCT  and  the  confocal  channel  is  covered  in  two  ways^  by 
using  a  source  with  adjustable  coherence  length  and  by  software  superposing  OCT  transversal  i  g 
collected  at  different  depths. 


Figure  1.  Basic  set  up  of  the  stand  alone  OCT/confocal 
system  where  a  separate  confocal  receiver  diverts  parts  of 
the  light  returned  from  the  object. 

SLD'  Superluminescent  diode  (Superlum  SLD-361)VSG: 
variable  scan  frame  grabber;  Cl.  C2,  C3:  microscope 
objectives:  DCl,  DC2:  directional  couplers;  PM:  phase 
modulator  (fiber  wrapped  piezocylinder):  G;  sinusoidal 
generator;  SXY:  orthogonal  scanning  mirror  pair;  MX(MY); 
mirror  of  the  Xfy)  scanner;  RX,  RY:  ramp  generators;  LI: 
convergent  lens;  PDl,  PD2:  photodetectors ;  DA;  differential 
amplifier:  FPC1,2,3:  polarizer  controllers;  PE:  processing 
electronic  block;  PC:  personal  computer;  VSG:  variable 
scan  frame  grabber 
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Figure  2. Three  modes  of  operation  of  the  OCT 


2.  CONFIGURATION 

Our  configuration  is  based  on  two 
fiberised  single  mode  couplers  published 
elsewhere^.  In  order  to  image  different 
objects,  adjustable  interface  optics  was 
designed.  A  powerful  Superlum  SLD  is  used, 
at  850  nm,  delivering  100  pW  to  the  eye.  The 
system  can  collect  a  large  number  of 
transversal  images  at  successive  depths  or  a 
large  number  of  longitudinal  images  for 
different  orientations  in  the  transversal 
plane. 

3.  TRANSVERSAL  VERSUS 
LONGITUDINAL 

Figure  2  shows  three  possibilities  of  building 
OCT  images.  The  majority  of  reports  in 
literature  refer  to  the  longitudinal  imaging 
procedure  as  shown  at  the  top  of  the  Fig.  2, 
where  the  fast  lines  in  the  image  are  in  depth 
and  the  transversal  scanner  advances  at  a 
slower  pace.  We  reversed  this  in  our  system, 
where  the  transversal  scanner  does  the  fast 
lines  in  the  image  and  the  longitudinal 
scanner  advances  slower,  as  shown  in  Fig.  2 
middle.  This  allows  to  produce  OCT 
transversal  images  for  a  fixed  reference  path, 
as  illustrated  in  the  Fig.  2  bottom.  One  of  the 
transversal  scanner  does  the  fast  lines  in  the 
image,  the  other  transversal  scanner 
advancing  a  second  coordinate  in  the 
transversal  plane  at  a  slower  rate.  Different 
transversal  slices  are  collected  for  different 
depths,  either  after  each  transversal  slice  is 
collected  or  at  an  advancing  speed  for  which 
the  depth  position  for  the  point  in  the  top  left 
corner  of  the  image  and  the  depth  position  in 
the  bottom  right  comer  of  the  image  do  not 
differ  by  more  than  half  the  depth  resolution. 
This  imposes  the  slowest  pace  for  the 
advancement  of  the  scanner  in  depth. 

The  immediate  disadvantage  of  such  a 
procedure  is  that  a  supplementary  phase 
modulation  method  has  to  be  employed, 
contrary  to  all  the  OCT  imaging  reports  in 
literature  which  took  advantage  of  the 
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Doppler  signal  created  by  longitudinal  scanning  at  a  constant  speed. 

For  convenience,  let  us  consider  that  the  time  to  scan  in  depth,  say  2  mm  when  doing  conventional 
longitudinal  imaging  and  the  time  to  scan  transversally  the  same  2  mm  using  our  method  is  the 
same,  T^=  =  1  ms.  We  will  also  consider  the  same  pixel  size  6z  =  5x  =  5y  =  20  pm,  (both  the 

transversal  and  the  longitudinal  pixel  size  could  be  lower).  In  this  case,  for  the,  the  same’number  of 
pixels  =  N,  =  100  result  which  gives  the  image  bandwidth:  B,  =  50  kHz.  This  is  the  bandwidth 
which  modulates  in  intensity  the  OCT  signal  on  the  carrier  frequency  introduced  by  the  constant  shift 
of  the  mirror  in  the  longitudinal  OCT  or  by  the  phase  modulation  introduced  in  the  transversal  OCT 
system.  However,  the  frequency  of  the  piezo-modulators  is  relatively  low  or  comparable  with  the 
bandwidth  as  worked  out  above.  Therefore,  we  employ  a  combination  of  the  modulation  introduced  by 
the  galvanometer  scanner’  ®  and  the  modulation  introduced  by  a  piezo-modulator  stretching  the  fiber 
in  the  reference  arm  of  the  OCT,  as  explained  in  the  reference®. 

^ROM  RETINA 

Figure  3  shows  the  interface  optics  when  imaging 
the  retina.  The  points  O  and  O’  are  conjugate  by 
virtue  of  the  lens  LI.  All  the  images  presented  here 
were  obtained  at  a  700  Hz  line  rate  and  2 
frames/second.  The  power  was  125  pW  to  the  eye, 
at  a  wavelength  of  860  nm  and  depth  resolution 
estimated  as  20  pm 

Procedures  we  apply  refer  to:  simultaneous 
presentation  of  confocal  and  OCT  transversal 
images,  collection  of  a  number  of  transversal  OCT 
images  for  different  depths  in  the  eye  and  then 
building  of  longitudinal  OCT  images  at  different 
transversal  orientations,  OCT  transversal  images 
with  adjustable  depth  resolution,  animations  and 
rendering  of  3D  images. 


4.  IMAGES 

I 


Figure  3.  Cl:  colimator;  SXY:  transversal  scanning 
head:  MX,  MY:  mirrors:  LI:  lens;  HE:  patient’s  eye; 
EL:  eye  lens;  R:  human  retina. 


4.1.  REAL  TIME  IMAGES 


4. 1.  l.TRANSVERSAL  IMAGES 


Figure  4.  Confocal  image  (top  comer  left)  and  OCT 
Images  collected  simultaneously  from  the  fovea  in  the 
living  eye. 

depth 


The  voltage  applied  on  the  galvanometer 
scanners  were  such  to  cover  3  mm  x  3  mm  at 
the  back  of  the  eye  lens,  EL.  Shifting  the 
translation  stage  at  50  pm/s  for  1  mm,  45 
images  at  30  pm  depth  interval  were  collected. 
Seven  such  OCT  transversal  images  and  the 
confocal  image  from  the  fovea  are  shown  in  Fig. 
4.  It  can  be  noticed  that  due  to  the  high  depth 
resolution,  the  OCT  images  look  fragmented. 
Also,  if  the  retina  is  out  of  coherence,  the  image 
is  completely  dark.  This  is  why  the  confocal 
image®  is  important,  it  shows  the  part  of  the  eye 
the  system  is  pointing  at,  which  might  not  be 
evident  from  the  OCT  images  at  some  depths.  As 
the  OCT  images  have  very  good  depth  resolution. 


it  is  acceptable  to  work  with  a  much  larger 
resolution  in  the  confocal  channel,  but  sufficient  to  eliminate  the  reflections  from  the  eye  lens. 
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In  our  case,  we  adjusted  the  depth  resolution  of  the  confocal  channel  to  3.5  mm,  which  allowed  us  to 
work  with  only  4%  light  derived  from  that  reflected  by  the  eye,  living  most  of  the  power  In  the  OCT 
channel. 


4.1.2.  Longitudinal  images 

By  slowly  shifting  the  translation  stage  for  0.8  mm  In  0.5  s  (one  frame  duration),  (the  procedure 
shown  at  the  middle  of  Fig.  2)  the  OCT  longitudinal  Image  of  the  fovea  was  obtained  as  shown  In  Fig. 
5.  The  MX  was  driven  to  cover  3  mm  on  the  retina  and  MY  was  kept  at  rest.  Retinal  nerve  fibre  layer 
(RNFL),  photoreceptor  layer  (PL)  and  the  retinal  pigment  epithelium  (RPE)  layer  are  visible. 


4.2.  SOFTWARE  PROCESSED  IMAGES 


3.35  mm 


By  software  means,  the  OCT  transversal  Images  can  be 
processed  to  obtain  (1)  longitudinal  Images  at  any  desired 
direction  In  the  transversal  plane  when  using  stacks  of 
transversal  Images  or  transversal  Images  at  any  desired 
depth  when  processing  stacks  of  longitudinal  Images;  (11) 
Intensity  Images  by  superposing  all  the  transversal 
Images  collected:  (111)  3-D  profiles;  (Iv)  animation, 

scrolling  through  the  object  volume. 


Figure  5.  Longitudinal  OCT  Image  of  the 
retina 

of  a  volunteer. 

3  mm  (horizontal=100  pixels)  x  0.8  mm 
(vertlcal=40  pixels)  corresponding  to 
depth,  measured  In  the  air. 


4.2.1. Weighted  superposition  of  transversal  OCT 
images 

Varying  the  number  of  Images  superposed,  the  effective 
depth  sectioning  Interval  of  the  superposed  Image  could 
be  altered.  In  this  way,  the  sectioning  Interval  width 
could  be  varied  from  the  minimum  given  by  half  of  the 


coherence  length  of  the  source,  to  a  maximum,  approximately  given  by  half  of  the  range  covered  by 


Figure  6.  Different  ways  of  presenting  images  with  different  depth  resolution  from  the  optic  nerve  area 

(volunteer  B) . 

(a);  OCT  image  in  the  middle  of  the  set  of  45  images,  18  pm  depth  resolution;  (b):  equivalent  confocal  image  of 
the  image  in  (a)  with  150  pm  depth  resolution;  (c);  equivalent  confocal  image  of  the  image  in  (a)  with  300  pm 
depth  resolution;  (d);  superposition  of  all  45  OCT  images. 


the  data  collection.  We  demonstrate  this  by  processing  images  form  a  set  of  45  OCT  transversal 
images,  collected  from  the  optic  nerve  area,  at  30  pm  step  interval  between  adjacent  images.  The 
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retina  size  displayed  is  3  mm  x  3  mm.  Superposing  all  45  images,  an  intensity  image  is  obtained  as 
shown  in  the  Fig.  4(d).  This  may  be  considered  as  an  image  with  30x45=1350  |Lim  depth  sectioning 
interval.  In  order  to  get  confocal  equivalent  images,  the  images  in  the  set  have  been  squared.  The 
image  in  Fig.  4(a)  shows  the  OCT  image  at  the  position  22  in  the  set  of  45  images.  Then,  Fig.  4b  and 
4c  show  weighted  superpositions  of  all  the  squared  images  using  a  Gassian  profile  for  the  weighting 
coefficients.  For  the  image  in  Fig.  4b,  a  Gaussian  profile  with  FWHM=150  \im  was  used  while  for  the 
Fig.  4c,  a  Gaussian  profile  with  FWHM=300  pm.  Fig.  4b  and  4c  present  images  which  we  would 
expect  to  be  similar  with  images  displayed  by  SLOs  with  equivalent  depth  resolution.  However,  no 
SLO  exist  to  supply  confocal  images  with  less  than  300  pm  depth  resolution.  We  can  only  compare 
the  images  with  those  obtained  by  the  confocal  channel  in  our  standalone  system,  where  for  the  time 
being  the  depth  resolution  is  set  to  a  few  millimeters.  In  this  way,  the  gap  between  the  depth 
resolution  insured  by  optical  coherence  tomography  (5-30  pm)  and  the  minimum  achievable  by  SLOs 
(300  pm)  can  be  filled. 

Above,  we  eliminated  15  images  which  were  very  disturbed  by  eye  movements.  We  have  not  attempted 
to  align  the  remaining  images,  so  we  expect  a  level  of  blurring  due  to  inadvertent  eye  movements. 

Fig.  7a  shows  a  software  inferred  longitudinal  cut  from  a  set  of  120  OCT  transversal  images  collected 
from  the  optic  nerve  region.  Fig.  7b  shows  the  OCT  longitudinal  image  from  the  same  transversal 
position  obtained  in  real  time.  Although  no  alignment  was  applied  to  eliminate  the  disturbances  of  the 
eye  movement,  the  image  in  Fig.  7a  bears  strong  resemblance  with  the  hardware  image  in  Fig.  7b. 


Figure  7a.  Software  inferred  longitudinal  OCT 
image  from  the  retina. 

3  mm  X  1  mm 


Figure  7b.  OCT  longitudinal  image  from  the  same 
part  of  the  retina 
3  mm  X  1  mm 


The  collection  of  images  was  also  used  to  produce  an  animation,  which  can  be  seen  at  the  URL  in 
reference 


5.  IMAGES  FROM  THE  SKIN 


Figure  8.  Interface  optics  to  image  the  skin. 

Cl:  microscope  objective;  SXY:  transversal  scanning 
head;  MX,  MY:  mirrors;  LI:  lens. 


OCT  can  provide  high  depth  resolution  images  from 
skin  without  staining  or  using  sophisticated  image- 
processing  techniques.  With  1.3  pm  probing  light, 
structures  up  to  1  mm  below  the  surface  of  the 
skin  could  be  imaged' with  a  lateral  and  depth 
resolution  of  10  pm.  We  present  OCT  images  from 
the  skin  with  X  =  860  nm,  for  which  the  penetration 
depth  is  smaller.  However,  this  is  the  same 
wavelength  as  that  recently  successfully  used  to 
image  skin  using  confocal  microscopy'^.  As  the 
microscope  objective  can  be  placed  very  close  to  the 
tissue,  both  transversal  and  longitudinal  pixel  sizes 
can  be  very  small  using  confocal  microscopy  only. 
However,  it  is  expected  that  better  penetration 
depth  is  achieved  using  OCT,  as  shown  in 


Figure  9.  Images  from  melanoma  at  four  depths.  Figure  10. Transversal  OCT  images 

from  finger. 

references"*".  As  OCT  longitudinal  images  have  already  been  reported",  we  present  here  only 
transversal  OCT  images. 

For  skin  and  DOCT  experiments,  the  lens  LI  is  mounted  at  f  instead  at  2f  from  the  scanner,  as  shown 
in  Fig.  8.  Tranversal  OCT  images  from  a  histological  section  showing  a  melanona  are  in  Fig.  9.  The 
border  between  normal  tissue  and  the  melanoma  (on  the  left  hand  side  of  the  images)  is  very  visible. 

Images  from  a  finger  are  shown  in  Fig.  10  for  four  different  depths.  The  white  dotted  spots  represent 
sweat  ducts.  The  finger  pattern  is  the  most  visible  in  the  slice  at  0.2  mm  depth  (in  air). 


6.  DOCT  FROM  VESSEL  SIMULATORS 

Determination  of  blood  flow  in  retinal  vessels  and  in  tiny  vessels  inside  skin  tumours  may  offer 
relevant  information  about  the  tissue  and  the  illness.  This  technique,  termed  optical  Doppler 
tomography  (ODT)"  combines  laser  Doppler  fiowmetry  with  optical  coherence  tomography  (OCT).  A 
version  of  this  technique,  the  color  Doppler  optical  coherence  tomography  (CDOCT)'^  uses  color  to 
show  the  sense  of  flow  movement.  DOCT  allows  to  superpose  the  velocity  mapping  over  the 
anatomical  image. 


Figure  1 1 .  The  interface  optics  to  address  the  flow  in  DOCT 
experiments. 


In  comparison  with  laser 
anemometiy,  where  two  beams  (of 
weak  power)  at  an  angle  are  used 
and  the  interference  takes  place 
between  two  object  beams,  ODT  has 
the  advantage  of  interfering  the 
object  light  from  the  sensing  arm 
with  a  very  powerful  beam,  from  the 
reference  arm  of  the  interferometer. 
In  our  case,  a  silicone  tube,  ST, 
with  internal  diameter  of  0.8  mm  is 
used,  as  shown  in  Fig.  11  which 
can  be  suitably  angled  at  angles  9 
with  the  ray  direction. 
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Using  a  pump,  P,  the  flow  can  be  set  at  different  speeds  between  0  -  3  mm/s.  The  tube  is  mounted  on 
a  controlled  translation  stage  TS2.  However,  the  immediate  disadvantage  of  ODT  lays  with  the  need  to 
tilt  the  flow  object,  as  the  Doppler  shift  frequency  v  is  proportional  with  the  cosine  of  the  angle  6 
between  the  ray  direction  and  the  flow  direction: 

2vcos0 

(1) 

where  v  is  the  flow  velocity  and  X  the  wavelength  in  air.  The  measurement  volume  is  scanned  by 
varying  the  position  of  the  translation  stage,  TSl  (not  shown)  cariying  the  reference  mirror  in  the  OCT 
system.  Let  us  consider  the  light  focused  at  8  from  the  wall  within  the  vessel  (measured  without  the 
liquid),  i.e.  after  shifting  the  stage  TS2  by  the  same  amount  towards  the  lens  LI.  The  waist  of  the 
beam  moves  further  away  to  n8  measured  in  air)  from  the  tube  wall,  after  introducing  the  liquid. 
Consequently,  in  order  to  keep  the  waist  at  coherence,  for  each  5  movement  of  the  translation  stage 
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Figure  12.  Spectra  of  the  photodetected  signal  for:  Figure  13.  Frequency  versus  depth  for  v=l  cm/s  and 

outside  the  liquid  at  the  interface  air-rubber;  from  the  amplitude  of  the  carrier  signal  (for  no  flow)  and  the 
0.44  mm  inside  the  liquid  at  v=0  cm/s  and  from  the  amplitude  of  the  DOCT  signal, 

same  position  when  v=  1 . 

TSl,  the  translation  stage  TS2  has  to  be  moved  towards  increasing  the  reference  path  by  {5n)n-  5  = 
8(n--l).  The  procedure  is  called  dynamie  focus'.  Without  dynamic  focus,  the  amplitude  of  the  signal  is 
lower  and  if  the  numerical  aperture  of  the  lens  LI  is  large,  the  range  of  depths  is  largely  reduced. 

Fig.  12  shows  how  the  spectra  of  the  photodeteeted  signal  differs,  depending  whether  the  point  at 
coherence  is  outside  or  inside  the  liquid,  whether  the  liquid  is  flown  or  not.  When  the  point  is  outside 
the  liquid,  at  the  interfaee  air-rubber  the  linewidth  is  very  narrow.  In  the  liquid,  the  linewidth  is 
larger,  due  to  the  Brownian  motion.  When  the  liquid  is  flown,  supplementary  enlargement  oeeurs  due 
to  the  flow.  Both  the  linewidth  and  the  frequency  shift  are  useful  for  tissue  diagnosis. 

Fig.  13  shows  the  frequency  resolved  depth  which  demonstrates  that  the  flow  is  laminar.  The 
attenuation  of  the  signal  when  penetrating  deeper  into  the  milk  is  shown  also. 

Fig.  14  shows  a  longitudinal  OCT  eut  through  the  vessel  and  Fig.  15  the  map  of  the  flow  within  the 
same  section  using  the  DOCT  method.  A  speeial  proeessing  electronics  was  used  to  create  a  signal 
proportional  with  the  frequency  shift.  However,  the  circuit  is  not  capable  yet  to  distinguish  the  sense 
of  flow  movement. 


Figure  14.  Ivongitudinal  OCT  section  in  the  0.8  mm  pjgm-e  15.  Flow  map  constructed  by  DOCT. 
pipe  filled  with  milk. 


7.  Signal  to  noise  ratio  in  the  OCT 

According  to  reference",  as  balance  detection  is  used  in  our  OCT,  the  mean  square  photodetector 
current  fluctuation  is  given  by: 

tt  .  .  /  o\  / 

(2) 


the 


(AIp-)  =  2eB(l)^gP+2(l  +  n^)— (l)pgR(l)Ref  -(AI,h^^  +  (AIex  ) 

where  <I>ref  represents  the  cumulated  photocurrent  due  to  the  referenee  power  and 
cumulated  photocurrent  for  the  two  photo-detectors,  due  the  fiber  end  reflection,  e  is  the  electron 
charge,  B  the  electrical  bandwidth,  U  represents  the  polarization  degree  of  the  light  and  Av  the 
effective  optical  line-width.  The  shot  noise  photocurrent  due  to  the  object  can  be  neglected  in 
comparison  with  the  noise  due  to  the  reference  power.  Hence; 


B 


2(a}B)-^F(l-;g)(l-y)~'(7ro-0 


N  2eaPiCT(l-7)'' +2(l-t-n-)(Au)  'ycrO-y)' 


'Ra^P-  +I: 


(3) 


where  o.  =  0.5  is  the  pin  photodetector  responsivity,  R  =  1.7  - 10“'’  cumulates  for  the  refleetivity  of  the 
fiber  end  reflection  in  the  object  arm  and  Rayleigh  backscattering  noise.  y  =  0.75  is  the  DCl  coupler 
efficiency  from  the  port  “s”  to  the  coupler  DC2  eonsidered  ideally  even.  =  0.44  represents  the  single 
mode  fiber  collection  efficiency  of  the  object  signal,  o  =  0.3  is  the  efficieney  for  the  light  being  coupled 
from  port  “r,”  to  port  “r^”.  It  is  assumed  that  the  two  OCT  couplers  DCl  and  DC2  have  zero  losses,  the 
loss  in  transferring  the  power  from  the  port  “s”  to  the  object  is  neglected  and  the  balanced  receiver  is 
perfect.  %  represents  the  reflectivity  of  the  plate  beamsplitter  used  to  divert  light  to  the  confocal 
receiver  in  Fig.  1  and  r,,  represents  the  maximum  of  the  normalized  correlation  function.  For  an  ideal 
match  of  the  polarizations  of  the  two  interfering  beams  (objeet  and  reference).  To  is  unity.  However,  in 
our  case  we  obtained  a  maximum  Fq  =  0.5.  The  photodetector  and  amplifier  have  a  cumulative 

AI'  >  /B  =  3  pA/Hz''^.With  Av  =  1 1  THz  and  powers  P  less  than  120  pW,  the  shot  noise  dominates 
in  (3).  Considering  a  minimum  of  the  S/N  ratio  of  9  as  indicated  in  reference^  with  B  =  100  kHz  and  P 
=  120  pW,  the  sensitivity  results  as: 

eB  1 

(4) 
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which  gives  1.74  10'®/(l-x).  When  no  beam-splitter  is  introduced  in  the  set-up  (no  confocal  channel), 
X  =  0  and  (16)  gives  -77.6  dB.  For  the  skin  imaging,  larger  power  are  allowed.  In  this  case  the  excess 
photon  noise  cannot  be  neglected. 
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Neglecting  the  contribution  to  noise  of  the  background  from  the  tissue,  with  P  =  50  mW,  (5)  gives  -89 
dB.  ® 

7.  CONCLUSIONS 

OCT  systems  for  tissue  investigations  were  presented.  The  systems  are  capable  of  producing 
transversal  as  well  as  longitudinal  images  using  fast  transversal  scanning  and  slow  or  stepped 
longitudinal  scanning.  First  transversal  OCT  images  from  the  retina,  skin  and  vessel  simulators  are 
presented. 
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ABSTRACT 

Speckle  interferometry  for  non  destructive  testing  of  out  of  plane  or  in-plane  stresses  or  deformations  of  rough 
mechanical  parts  is  a  powerful  and  modem  technique.  Basics  of  speckle  phenomena  and  interferometry  in  speckled  hght 
are  reviewed.  Electronic  speckle  patem  interferometry  for  vibration  analysis  and  a  Dufly-Young  digital  camera  for  in  plane 
measurement  are  presented. 
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1.  INTRODUCTION 

In  the  last  years  and  holographycal  interferometry  were  replaced  by  electronic  speckle  pattern  interferometrv’  in 

many  apphcations.  This  changement  was  produced  in  two  steps: 

-  the  first  step  was  imposed  by  the  necessity  to  replace  the  time  consuming  photograhic  recording  and  TV  technique  was 
the  answer: 

-  the  second  step  was  produced  by  the  ev'olution  of  digital  acquisition  and  digital  fringe  pattern  measurement  techniques. 

In  the  meantime  vidicon  camera  was  replaced  l^  CCD  camera,  and  the  coherence  of  gas  laser  was  obtained  from  minute 
diode  laser  for  much  more  pow^r  and  much  more  coherence  length.  Small  and  ragged  interferometers  are  now  available  to 
the  engineers  for  high  interferometric  sensitivity  non-destractive  testing.  We  will  present  the  basics  of  speclde  phenomenon 
an  ESPI  set-up  for  vibration  analysis:  the  optical  set-up,  the  distal  recording  and  the  fringe  pattern  analysis  for  a  simile 
application,  and  a  digital  camera  for  in-plane  deformation  visualisation  and  measurement. 

2.  BASICS  OF  SPECKLE  PHENOMENA 


2.1.  History 

As  J.  M  Burch'  pointed  out  when  interference  phenomena  are  described  in  text  books  it  is  usual  to  find  them  classified 
in  two  groups:  those  in  which  the  interfering  beams  are  cterived  by  division  of  amplitude  at  partial  reflector  (Michelson)  Md 
those  in  which  a  spatially  coherent  wavefi-ont  is  sampled  by  laterally  separated  apertures  (Young).  An  intermediate 
possibility  whereby  division  of  the  li^t  is  accomplished  by  means  of  processes  of  dif&action  or  scattering  is  possible. 

A  short  history  of  the  diSused  light  interference  is  reviewed  by  M.  Francon^:  “The  phenomenon  of  interference  in 
rfiffinpH  light  was  observed  for  the  first  time  by  Newton.  A  mirror,  with  a  reflecting  back  surface  was  illuminated  by  a  point 
source  of  light  placed  at  its  center  of  curvature.  A  beautiful  system  of  colored  rings  centered  on  the  source  was  d»en 
observed.  Continuing  the  experiments  of  Newton,  the  due  de  Chaulnes  showed  in  1775  that  the  visibility  of  the  rings  could 
be  increased  by  lining  a  mirror  with  partialy  difiiising  firont  surfece.  Further  studies  of  this  subject  were  made  by  Young  rad 
HerscheL  Fabty  and  Perot  (Served  a  similar  system  of  tings  in  transmited  Their  system  consisted  of  a  semi-reflecting 
plate  with  parallel  feces  one  of  which  was  difiusing.  Burch  for  the  firet  time,  applied  the  interference  jfeenomenon  in 
Hiffiispd  light  for  the  construction  of  an  interferometer”. 

I  cannot  refiaine  n^self  to  give  a  small  text  in  an  antique  romanira  language  published  by  a  Romanian  professor  rad 
jyipntict  member  of  the  Romanian  Academy,  Emil  Bacaloglu  as  early  as  1870^: 

"Asemenea  coloraduni  sou  innele  se  producu  eu  lame  grose,  candu  atunci  die  sunt  mm  marl  si  mm  intendvu 
luminate.  Aceste  innele  te  potemu  produce  lesne,  aseMendu  intr’ua  camera  intunecosa  inmntea  gourd  A  a  oblonului, 


*  Corespondence;  E-mail:  apostold@ifin.nipne.ro 
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pre  unde  patrundu  radiele  soarelui,  ua  ogUnda  de  sticla  concava  X¥  (fig  269)  astu-feUu  incatu  centrulu  seu  de  curbatura 
safie  langa  gmra.Fed’a  ogiindd  trebue  safie  prafuita,  seu  acoperita  cu  un  stratu  de  aburi  seu  de  UgOe  cu  ca  sa 
dea  nunuu  lumina  diffusa.  Atund  vom  vedea  in  giurutu  gourd  innde  colorate  man  si  intmsivu  lummate”.  01  is  describe 
the  Newton  e^qieriment  and  recomend  to  use  a  dusty,  or  milk  or  water  v^ur  covered  front  surface). 

When  TV  camera  and  video  processing  were  used  to  record  and  generate  interference  pattern  in  light  the 

Electronic  Speckle  Pattern  Interferometry  or  ESPI  was  bom.  ESPI  was  first  demonstrated  bv  Butters  and  Leendertz  Manv 
review  papen  and  books  are  now  available^"®. 

2.2.  Main  ideas  about  speckle 

2.2.1.  Speckle  appearence  and  localization 

When  coheim  laser  light  is  difiiisely  refiected  by  a  rough  surfece  a  speckled  appearence  of  light  is  observed.  The 
speckle  pattern  is  seen  sharply  when  the  ^e  is  focused  on  any  plane  in  space  and  with  maximum  contrast;  file  light 
scattered  from  a  rough  surface  sets  up  a  complicated,  standing  wave  field  in  space  because  of  the  high  coherence  of  the  laser 
beam. 

By  interference  of  the  light  waves  coming  from  different  points  on  the  rough  object  we  have  statistically  distrihited 
field  amplituttes  and  thus  also  field  intensities  at  different  points  in  space.  Hence  the  spedde  pbennmpnon  is  brought  about 
by  statistical  multif^e  beam  interference.  We  simulated  this  in  Fig  1;  on  the  iqiper  side  of  the  parallelipiped  we  placed  the 
punctifonn  li^  coherent  sources  with  random  positions  and  phases.  On  the  down  side  face  of  the  parallelipiped  we 
consider  the  observation  plane  and  smdied  the  result  of  the  interference  of  the  many  random  coherent  sources. 

2.2.2.  Speckle  distribution 

When  looking  at  a  speckle  pattern  Fig  2,  we  notice  that  darker  parts  obviouslv  occur  more  often  than  teight  spots  At  a 
point  Pin  space  the  individual  speckle  amplitude  is:  ' 


E„=-f-e-xp{ikr„)  (1) 

sum  to  the  total  amplitude 

=2,— exp(jfo;)  (2) 

The  re^t  of  the  intensity  obtained  in  the  lower  part  of  the  paralelipiped  is  illustrated  in  Fig.3g  for  a  different  niimiv»r  of 
^<tom  tfstributed  point-like  sources  in  the  upper  plane.  On  the  lateral  plane  the  result  of  the  interference  is  filustrated  in 
^  histograms  of  the  phase  distribution  (Fig.3f)  and  intensity  distribution  reqjectively  in  a  speckle 

The  pribability  density  p(/)  for  the  intensity  m^  be  obtained  analiticaly^  as 

P(^)  =  for  /  S  0  (3) 

in  good  concordance  with  our  simulation.  This  is  illustrated  in  Fig.3d  Indeed  the  intensities  near  zero  occur  more  often.  For 
file  jfiiase  dofEj,  =j£'^jexp(/0)  the  probability  distribution  density 


p(0)  -  for  P  €  [- 

and  the  phase  is  indeed  homogeneously  distributed.(Fig.3c) 

2.2.3.  Speckle  contrast 

The  hinge  contrast  is  umty  because  the  most  probable  intensity  in  the  pattern  is  the  null  one  (Fig.3d) 
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2.2.4.  Speckle  size  -  the  aperture  dependence 

The  speckled  appearence  of  the  difused  light  by  a  rough  surface  is  a  coherent  ^ect.  It  is  was  pregnantly  observed  in  the 
time  coh^^p^nt  laser  light  appeared,  but  already  known  by  a  few  bunch  of  scientists  as  early  as  when  radar  technique  was 
promoted.  It  is  fimdamentaly  an  interference  effect.  Let  us  consider  o  coherent  laser  beam  illiuninating  a  rough  surface 
(Fig4.) 

Every  point  of  the  surfece  becomes  a  secondary  punctual  Huygens  spherical  source  of  radiation,  (or  the  source  of  a 
divergent  bunch  of  rays  diffusing  (radiating)  in  all  directions).  TTie  waves  superpose  in  space  and  being  higly  coherent 
between  them  are  interfering.  The  wavelet  coming  from  the  point  P  will  have  a  different  phase  as  reported  to  the 
corresponding  wavelet  coming  from  the  point  P’  because  of  the  microgeometry  of  the  surface.  For  this  reason  the  eye  pupil 
P  will  receive  a  random  phase  distributed  bunch  of  rays  making  different  angles  between  them;  the  maximum  angle  is 
riAtPTTOin<»ri  the  apperture  P  dimensioa  The  eye  will  observe  a  random  fringe  interference  system  called  spedde.  The 
riimwiginns  (rf  the  speckles  will  be  also  randomly  distributed  but  is  obviously  depending  of  the  pupl  P  of  the  eye.  This  is 
easily  proved  observing  a  laser  illuminated  objert  through  a  iris  aperture,  or  inaeasing  our  ^stance  from  the  object,  "pie 
magnitude  of  the  speckles  depends  also  on  the  illuminated  area  on  the  object.  A  first  distinction  must  be  made  to  classrfiy 
the  speckle  patterns. 

2.2.4.I.  Objective  speckle  pattern 

It  is  the  obtained  when  diffused  light  ^oduced  by  an  i  x  i  laser  illuminated  area  is  detected  and  measured  on  a 
screen  z  ipngth  units  ai^jart  The  medium  size  grain  is,  for  this  case: 


(5) 


A  single  physical  explanation  of  this  value  could  be  the  following:  the  highest  density  fiinges  will  corespond  to  the  rays 
mming  from  the  points  separated  by  I,  and  the  minimum  density  fringes  corresponds  to  tyhe  rays  coming  from  points 
separated  at  the  confusion  limit  Remembering  the  Young  interference  experiment  (Fig.5),  the  corresponding  fringe 
frequency  on  the  observing  plane  will  be: 


=  j-  and/^=0 


(6) 


so  the  mean  value  will  be  somewere  between  them. 

2.2.4.2.  Subjective  speckle  pattern 

Subjective  speckle  pattern  is  obtained  when  an  object  which  is  illuminated  by  laser  light  is  projected  by  a  lens.  In  the 
imagft  plane  the  Object  is  covered  by  a  distribution  of  spots  (Fig.6) 

The  dimensions  of  these  spots  are  determined  by  the  diffraction  limit  of  the  imaging  system.  In  geometric  oi^cs  light 
r^  ein?inating  from  a  point  would  be  inaaged  back  into  a  point.  In  practice  because  of  the  diffraction,  the  point  image 
cannot  be  arbitrarily  small.  The  limit,  or  the  smallest  point  image  produced  by  a  physical  lens  is  ^erally  accepted  as 
rifffinpri  by  the  Rayleigh  criterion;  it  states  that  the  image  is  resolved  if  the  central  maximum  in  the  diffraction  pattern  of  a 
point  TOincidftg  with  the  first  dark  fringe  of  its  adjacent  point.  For  example  if  the  lens  L  with  a  diameter  D  were  used 
in  the  imeging  as  shown  in  Fig.6,  the  point  objert  Pi  would  be  focused  into  a  diffraction  pattern  in  the  form  of  a  first-coder 
Bessel  fimrrion  The  distance  between  the  central  p^  and  the  first  zero  would  be 

S  =  l,22^^  (7) 

D 

and  by  the  Raleigh  criterion,  the  minimum  distance  between  two  resolvable  objert  points  would  therefore  be  of  this 
magnirnrio  If  pftintg  gi  and  02  in  the  image  {toe  corre^nd  to  the  points  Pi  and  Pa  at  the  limit  of  resolution  we  can 
condcH  that  a  point  further  aw^  from  Pi  than  Pa  wiU  contribute  a  small  amount  of  light  to  the  anqjlitude  ga  but  since  the 
secondary  mavima  of  die  diffraction  pattern  are  very  much  smaller  than  die  primary  maxima,  such  contribution  can  be 
neglected.  We  consider  die  intensily  at  a  given  point,  say  the  center  of  a  bright  spot  The  spedde  is  bright  because  a  great 
of  wavcs  finm  neighboring  objert  points  happen  to  interfere  constructively  at  that  point.  The  image  of  any  objert 
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point  is  a  dffiaction  pattern  that  is  significant  only  over  a  region  whose  radius  is  about  equal  to  Rayleigh  limit.  On  average 
the  intensity  will  be  great  over  an  area  equal  to  that  of  the  Airy  disk. 

«  =  2.4^  (8) 

Because  of  the  random  phases  the  speckle  are  not  round,  but  very  irregular.  The  dependence  of  the  size  of  the  subjective 
speckle  dimentions  of  the  aperture  viewing  lens  can  be  observed  by  comparing  the  size  of  the  speckle  when  an  object  is 
viewed  directly  tty  eye  and  when  an  aperture  smaller  than  the  eye  pupil  is  placed  in  front  of  the  eye.  In  this  case  the  speckle 
size  will  be  seen  to  increase  .This  can  be  understood  considering  fte  Young  double  slit  interference  experiment.  The  fringe 
separation  of  the  interference  pattern  depends  on  the  angle  between  the  two  slits  as  seen  from  the  the  observing  point  Q: 


The  smaller  this  angle  the  larger  the  fringe  separation. 

Subjective  speckle  is  always  seen  sharply  because  it  results  from  statistical  interference  of  coherent  wawes  entering  the 
eye.  While  the  mean  speckle  size  carmot  be  quantified  it  can  be  related  to  the  autocorelation  fimction  of  the  intensity 
distribution  defined  as 


dO) 

where  the  average  is  performed  over  many  speckles.  AVhen  ^  =  Fj ,  R  =  {l^).  As  (?;  - FJ  increases,  intensities  /(?• ) and 
/(i^)  are  different,  and  eventually  become  totally  umelated  to  one  another.  In  this  case  R(r^r^)  =  ^/(l*)  ) . 

The  distance  at  which  the  intensities  are  unrelated  is  an  estimate  of  the  speckle  dimensions.  Goodman^  realized  rigorous 
calculations  for  subjective  and  objective  speckle,  calculating  the  autocorrelation  function  of  the  scattered  intensity. 
Subjective  ^ckle  produced  by  an  area  of  dimension  LxL  uniformly  illuminated  by  a  coherent  (laser)  beam  has  an 
autocorrelation  function 


RiAx,Ay)  =  l^{iy 

The  average  size  of  a  speckle  will  be  the  value  for  which  the  sin  function  first  becomes  zero: 


.  i(  LAx']  .  J  LAv 
1  +  sine  — —  sme  — ^ 
{  As  J  [  Az 


M-f 

The  autocorrelation  function  of  the  image-plane  speckle  was  also  calculated  by  Goodman  as: 


R{r)  =  {iy  1  + 

and  the  speckle  size  is  taken  as  the  separation  between  the  first  two  minima  of  the  Bessel  function: 


(11) 


(12) 


(13) 


(14) 


3.  SPECKLE  INTERFEROMETRY 

The  basic  principles  of  speckle  interferometry  is  to  optically  combine  a  speckle-pattern  either  with  a  second  speckJe- 
pattem  or  with  a  smooth  reference  wave  of  comparable  brightness.  One  can  no  longer  expea  to  observe  recognizable  fringe 
patterns,  but  if  the  two  superposed  disturbances  are  mutually  coherent  they  will  produce  a  new  single  well-developed 
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qjedde-pattera  If  the  two  disturbances  remain  coherent  in  relation  to  the  integration  time  of  the  eye  (or  camera)  but  then- 
mutual  rhangas  slowly,  this  -will  become  apparent  to  the  observer  in  terms  of  a  pronounced  local  twinklmg  of  the 
individual  speckles.  If  the  changes  of  phase  occur  too  rapdly  the  amplitude  aoss-products  between  the  two  disturbances 
give  a  vanishing  time  average  and  it  is  addition  of  intensity  raAer  than  of  amplitude  which  determines  the  resultant  pattern. 


3.1.  Spedde  over  speckle. 

A  irfane  optically  rough  sur&ce  D  lying  in  the  (x,  y)  plane  is  viewed  normally  in  the  z  direction  by  a  lens  L  of  focal 
length/and  ^rture  diameter  a.  The  surface  is  illuminated  by  a  divergent  wavefront,  and  a  photograjA  of  the  image-plane 
speckle  pattern  is  recorded  in  the  jdane  S  (screen).  If  the  photograiAic  plate  is  exposed  once  only,  the  intensity  distribution 
of  the  sr^kl‘°^  can  be  represented  as  the  sum  of  a  set  of  sinusoidal  gratings  whose  spatial  frequencies  vary  between 
zero  and  upper  limit,  which  is  determined  by  the  viewing  lens  aperture  and  the  lens  -  to  recording  plane  distance,  ^en  the 
developed  plats  is  illuminated  by  a  plane  wave  front  and  the  dif&acted  light  is  observed  in  a  Fourier  plane,  it  will  from  a 
circle  whose  diameter  is  determined  by  the  maximum  spatial  frequency. 

When  the  pt^ts  is  exposed  first  to  light  scattered  from  the  undisplaced  object,  and  then  to  light  scattered  from  the  object 
after  it  has  been  Hicplassrf  an  amount  Ax  in  the  Oc  direction,  two  identical  (intensity)  speckle  patterns  are  obtained 
which  are  with  respect  to  one  another  by  an  amount  Ax  (if  we  consider  the  magnification  of  the  optical  system  to 

be  unity)®. 

After  double  exposure  the  photograjAic  plate  has  a  transmission  proportional  with  the  sum  of  the  transmitivities  of  the 
individual  ^tedde  patterns; 


/(x,^)  oc /(x,y)-i-/(x  +  Ax,>')  (15) 

The  intpngitipis  i(x^)  and /(x+^Ax^y)  denote  the  nonshifted  and  shifted  speckle  pattern  respectively  (The  jiiotograiAic 
piatp  mnHpii  is  djsolete;  a  digital  recorded  image  of  the  two  intensities  were  recorded,  memorized  and  added). 

If  we  consider  the  speckle  pattern  intensity  distribution  in  the  camera  plane  as  a  sum  of  Dirac  delta  function  properly 
pondered  a  local  (point)  deprading  intensity  (convolution  with  Dirac  delta  function); 

/(x,  y) = {/  ♦  dXx) = J/(^  ,y)  d(x  -  |)t/^  (16) 

l{x  +  Ax,y)  =  (7  *  dXx + Ax) = lH4,y)  t5(x  +  Ax  -  4)d^  (17) 

and  after  translation  by  an  amount  Ax  (ID  case)  the  total  intensity  in  the  registration  plane  will  be 

Ij.  =l{x,y)+Jix+Sx,y)  =  jli4,y){S{x-4)+S(x  +  iix-4)]d4  (18) 

The  Fourier  transform  of  the  above  intensity  distribution  become  from  the  convolution  theorem 

TAf.,fy)  =  FriiAx,y)]^Fruix,y)]-Fr[Six)+Six+Ax)]  (19) 

Or  it  is  well  known  that 

FT[d(x) +d(x+ Ax)]  =  2  •cos[— Axsina]exp[-f--Axsina:]  (20) 

A  ^ 

so  that  the  intensity  of  the  li^t  diffracted  at  an  angle  a  in  the  Fourier  plane  is 

7r  =  FT[7(x,>’)]-4-cos"(-YAxsina)  (21) 

Thus,  file  diffraction  halo  will  contain  fringes  with  minima  occurring  when 

sina  =  (2»j+l)-^  n=0,l,2,3...  (22) 

Ax 
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The  spacing  of  these  fringes  can  be  seen  to  be  equivalent  to  those  obtained  with  two  slits  and  for  this  reason  are  often 
referred  to  as  Young’s  fiinges.  Such  fringes  are  known  as  diffraction  halo  fringes  (Fig. 7). 

3.2.  Speckle  pattern  over  smooth  reference  wave.  Vibration  fringe  formation 

A  basic  arrangement  of  ESPI  for  vibration  analysis  is  shown  in  Fig.8  .The  object  under  test  is  illuminated  by  a  coherent 
light  beam  -  called  dsject  beam  -  and  imaged  by  a  lens  on  a  CCD  camera.  A  second  coherent  lens  beam  -  the  uniform 
reference  -  is  directed  to  the  same  CCD  camera  to  produce  an  interference  pattern.  The  two  waves  are  very  well  directed  on 
exactly  the  same  way,  and  coming  on  different  paths  from  the  same  coherent  source.  Their  path  length  from  the  laser  source 
to  the  CCD  camera  are  within  the  coherence  length  of  the  laser.  If  letting’” 

E,(x,y)  =  ^„(x,y;)exp[/ch„(x,>-)]  (23) 

EXx,y)  =  4(x,y)exp[;<E),(x,>')]  (24) 

represent  the  op^cal  field  of  the  object  beam  and  the  reference  beam  in  the  CCD  matrix,  the  detected  intensity  is  the 
interference  pattern; 


Hx,  y)  =  ([£■„  {x,  y) + E,  (x,  (x,  y) + E^  (x,  y)]' ) 

(25) 

=  Ao  y)  +  4'  (x,  >')  +  2(E  0  (x,  y)E;  (x,  y)) 

When  the  object  vibrates  sinusoidally  the  optical  phase  distribution  of  the  object  wave  is  given  by; 

4-?r 

(x,  >')  =  ® ;  (X,  y') + — (x,  .v)  cos  cot  (26) 

Af 

If  the  fiame  frequency  of  the  CCD  camera  is  lower  than  the  vibration  frequency  of  the  obgect  the  interference  term  in 
equation  could  be  developed  as: 


{Eoix,y)Elix,y))  = 


4^ 

0);  (x,  JV)  -  O,  (X,  y^)  + — (X, ;/)  cos  cot 


■dt 


=  A,A,J, 


47C 

T 


a„(x,y^)cosa>(x,y') 


(27) 


where 


<l>(x,y;)  =  (I);(x,y/)-0„(x,y/)  (28) 

is  the  {diase  difference  between  the  object  and  reference  wave  in  the  static  state  of  the  object  (the  random  phasp  of  the 
speclde  pattern  produced  by  the  interference  between  the  speckle  pattern  produced  by  the  otgect  and  the  uniform  reference). 
The  intensity  of  the  interference  pattern  will  be  now 


l(x,y)  =  I„ix,y)+l,ix,y)-J, 


An 


a„ix,y) 


cosd>(x,y’) 


(29) 


/  =/(x)+/(x  +  Ax)  =  E/,(x)-[^(x)+^(x+<&)]  (30) 

To  observe  such  an  intensity  displayed  on  the  monitor  we  must  make  two  steps:  high  pass  fiifpring  and  quadric 
rectitying.  Indeed  the  signal  has  negative  and  positive  values.  The  television  monitor  will  however  di^ay  negative-going 
signal  as  area  of  blackness;  to  avoid  this  loss  of  signal,  the  intensity  signal  is  rectified  before  being  displ^ed  on  the 
monitor.  Hi^  pass  filtering  of  the  signal  is  found  to  give  improved  visibility  fiinges  by  removing  low  fiequency  noise 
together  with  variations  in  mean  speckle  intensity.  The  final  resultant  fringe  intensity  displayed  on  the  monitor  is  expressed 
by: 
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(31) 


/(x,y)  s  Jol— ao(^.>')]cos"3>(x,y) 

A  conventional  vibration  fringe  pattern  of  the  flat  disk  centrally  excited  is  shown  in  Fig.9. 


4.  m  PLANE  DISPLACEMENT  MEASUREMENT  USING  YOUNG  SPECKLE  INTERFEROMETRY 
As  early  as  1972  D.  E.  Duffy”  proposed  a  method  relating  moire  gauging  of  in  plane  displacement  using  specWe  pattern 
interferometry.  In  his  method  the  surface  is  illuminated  with  only  one  laser  beam.  A  description  of  the  Duffy’s  method 
considers  a  surfece  illuminated  by  a  coherent  li^  beam  as  shown  in  Fig.  10. 

A  Icts  is  positi»ripd  to  form  an  image  of  the  scattering  surface  on  a  CCD  camera.  An  opaque  rtop  contairmg  ^o 
{mertures  of  width  d  and  separated  by  a  distance  D  is  placed  in  front  of  the  lens.  If  either  of  the  aperture  is  blocke^  ^  other 
will  form  a  speckled  patterns  image  of  the  scattering  surface.  As  we  alrearfy  know  the  widfo  of  the  speckle  is  inverrely 
iwoportional  to  the  aperture  size.  When  light  is  passed  by  both  aperture,  interference  fringes  wiU  be  formed  withiri  a  speckle 
when  the  two  pattern  overlap,  like  in  the  classical  Young  double  slit  experiment.  Thus  a  penodic  grid  structure  is  introdu^ 

within  eadi  speckle  cell  (Fig.  11).  The  grid  lines  run  perpendicular  to  the  line  joining  the  aperture  centers,  so  that  by  rotatmg 

the  rqpeiture,  one  can  phangs  the  orientation  of  the  lines  in  any  direction  over  the  image.  If  2a  is  the  angle  under  the  lens  is 
viewed  frorn  the  camera,  the  spacing  of  the  Young  fringes  on  the  CCD  camera  is: 

■  _  ~  ^  (32) 

2sina  ”  la  Ip'  D 

if  the  lens  magnification  is  M  =  plp' ,  i  =  on  the  camera  and  i„  =  ^  on  the  object.  The  distribution  of  the  speckles 

within  the  in»agp  is  a  function  of  the  size  and  location  of  the  doiible  apertures  with  resp^  to  the  object  and  must  be 
carefully  chosen  as  do  not  overpass  the  resolution  of  the  CCD  camera.  On  foe  other  side  foe  displacement  of  the  object  must 
be  gtnall  enough  as  to  jffoduce  Young  fiinges  within  foe  speckle  and  also  foe  toge  distance  m^  be  larger  than  the 
resolution  of  the  camera.  The  sensibility  of  the  moire  technique  depends  on  foe  grating  pitch  on  foe  object 


or  on  foe  angift  subtended  at  foe  object  by  the  two  apertures.  For  a  given  distance  between  foe  object  and  camera  lens,  foe 
li^niting  sensitivify  is  foe  determined  by  the  diameter  of  foe  camera  lens.  From  foe  viewpoint  of  the  coherence  of  foe  li^t 
source  only  foe  spatial  coherence  requirements  is  relevant  A  powerfull  laser  diode  is  usually  good  enou^  for  illuminating 
the  object.  A  Duffy-Young  diode  laser  camera  is  presented  in  Fig.  12,  and  foe  usual  illustration  of  foe  in  plane  displacement 
of  the  object  illustrated  by  an  in  plane  rotation  is  presented  in  Fig.  13.  The  method  was  developed  to  a  greater  extent  by 
Sirohi’^. 


5.  CONCLUSIONS 

pitvtmnin  speckle  pattern  interferometers  are  complex  optoelectronic  devices  including  lasers,  digital  cameras,  optics, 
conq)uters,  frame  grabbers  and  specialized  software  for  digital  handling  of  data.  Their  infract  on  foe  engineering  is  growing 
iq>  constantly.  We  presented  foe  basic  of  speckle  phenomena,  foe  physics  of  applications  and  a  foort  jH-esentation  of  two  set 
ops  for  out  of  plane  and  in  plane  deformation  evidence  and  measurement. 
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Fig.  1  Simulation  geometry  of  ^leckle  pattern  production  Fig-  2  ^>eckle  pattern  photogr^y 
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3a  Phase  hystogram 


3b  Intensity  hystogram 


3c  Phase  distribution 


3d  Intensity  distribution 


3e  Simulated  speckle  pattern  on  a  lateral 
side  of  the  paralelipiped 


3f  Simulated  phase  distibution  in  a 
speckle  patem 


3g  Simulated  objective  speckle  pattern 


Fig.  3  Simulation  results  of  an  objective 
specie  pattern 


Fig.4  Observation  of  a  coherent  laser  beam  illuminated  rough 


Fig.  5  Youi^  double  slit  experiment  geometry 
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Fig.  1 1  Young  fiinges  in  speckle  pattern  (zoomed  image) 


Fig.  12  Photography  of  a  ESPI  digital  camaa 


Fig.  13  In  plane  rotation  of  a  rough  metallic  plate; 
typical  fnnges 
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ABSTRACT 


Phenol  exists  in  wastewater  streams  for  many  industrial  processes.  The  toxicity  of  phenolic  effluents  is  well  known  and 
their  treatment  must  be  accomplished.  Among  the  methods  of  recovery,  the  technique  of  adsorption  provides  a 
convenient  way  with  low  cost.  For  modelling  the  difflision  process  it  is  necessary  to  know  the  diffiisinn  constant.  The 
technique  of  double-exposure  holographic  interferometry  (HI)  is  used  to  stu^  phenol  diffusion  in  water  in  the  presence 
and  in  the  absence  of  activated  carbon.  The  difflision  constant  is  calculated  by  a  simple  and  direct  measurement  of 
interferograms. 

Keywords:  holographic  interferometry,  difflision. 

1.  INTRODUCTION 

Although  it  was  discovered  in  early  18  th  century,  the  difflision  phenomenon  is  still  intensely  studied  because  it  is 
essential  in  understanding  and  controlling  any  inter-phase  mass  transfer  phenomena.  The  precise  determination  of  the 
diffusion  coefficients  is  necessary  for  the  design  of  separation  devices  in  chemical  industry.  Optical  methods  for  Hiffiisinti 
stu(^  have  some  advantages  (precision,  versatility  and  reduced  measure  time)  over  the  classical'"^  ones  (Stokes  Hiffiicion 
cell).  Optical  methods  based  on  free  diffusion  are  generally  preferred  to  classical  ones,  in  the  determination  of  liquid- 
phase  mutual  diffusion  coefficients,  due  to  their  high  accuracy.  The  technique  of  HI  can  be  used  not  only  for  small 
molecular  substance  diffusion  stud|y,  but  also  for  macro-molecular  system  in  gels.  The  diffusion  study  of  macro-molecular 
system  in  gels  is  of  great  interest  in  human  tissue  engineering  (dmgs  transfer  in  gels,  membranes  and  human  tissue). 
Protein  diffusion  is  also  a  subject  of  active  investigation^.  Phenol  is  a  major  pollutant  under  strict  effluent  restriction.  The 
concentration  of  phenol  in  polluted  wastewater  streams  is  high  enough  to  be  recovered.  Among  the  methods  of  recovery, 
the  technique  of  adsorption  from  an  aqueous  solution  on  activated  carbon  is  a  separation  process  widely  used  in  industry 
and  environmental  technolo^.  From  the  materials  used  as  adsorbents,  granular  activated  carbon  has  been  widely  used  in 
environmental  pollution  control  due  to  its  capability  to  adsorb  a  broad  range  of  organic  and  inorganic  compounds. 
Colunm  adsorber  packed  with  granular  activated  carbon  (GAC)  is  used  to  treat  ground  water  and  industrial  wastewater 
contaminated  with  organic  compounds.  To  properly  design  a  GAC  coliunn,  information  regarding  adsorption 
equilibrium  and  kinetics  are  required.  Equilibrium  data  can  be  easily  collected  from  batch  eiqieriments.  On  the  other 
hand,  accurate  kinetic  data  including  film  transfer  rate  and  interparticle  diffusion  rate  parameters  are  more  difficult  to 
obtain. 

The  aim  of  this  paper  is  to  present  experimental  results  for  phenol  diffusion  in  two  cases:  in  pure  water  and  in  the 
presence  of  granular  activated  carbon  using  double  -  exposure  HI. 


2.  EXPERIMENTAL  TECHNIQUES 

In  order  to  obtain  interferograms  that  show  phenol  diffusion,  we  made  a  classical  holographic  interferometry  set-up, 
presented  in  Fig.  1.  The  laser  beam,  emerging  from  a  He-Ne  laser  (6  mW),  is  split  in  reference  and  object  iv^ams  \}y 
means  of  the  beam-splitter  BS.  Both  the  transmitted  and  the  reflected  beams  are  expanded  and  filtered  with  lenses  LI 
and  L2,  and  with  pinholes  MDl  and  MD2.  The  reflected  beam  represents  the  object  beam  and  passes  through  the 
diffiision  cell  having  10  X 100  X  100  mm,  after  the  reflection  on  the  mirror  M.  In  front  of  the  diffusion  cell  one  puts  a 
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Hiffiiging  glass  The  reference  beam  passes  throng  the  beam  splitter  BS  and,  after  being  expanded  and  filtered  meets  the 
holographic  plate  HP.  The  object  and  the  reference  beams  overlap  on  the  holographic  plate,  generating  a  system  of 
interference  Singes. 


Rg.!  Experimental  set-up  for  double  -erqxrsure  holographic  interferometry  for  visualising  diffusion  of  phenol. 

As  granular  activated  carbon  was  used  Filtrasorb®  300  produced  by  Chemviron  Carbon.  The  effective  size  is  in  the  range 
0.80  to  1.00  mm. 

3.  RESULTS 

3.1  Refractive  index  gradient  determination  for  phenol  diffusion  in  water. 

Using  the  set-up  presented  in  Fig.2,  we  obtained  a  series  of  interferograms,  one  of  them  being  given  in  Fig  3. 


Fig.  2  Interferogram  for  phenol  difiusion  in  water. 
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Holographic  interferometiy  with  double-e;qx)sare  implies  the  recording  of  two  holograms  of  the  studied  olyect  on  the 
same  hologr^hic  plate.  The  fringes  of  interference  obtained  reveal  the  change  of  the  object  state  between  the  two 
exposures.  In  our  e:q)eiiment  we  made  the  first  exposure  after  15  min  from  the  beginning  of  the  diffusion,  and  the  second 
one  after  2h.  The  fringes  presented  in  Fig.  3  represent  isoconcentration  planes.  By  processing  these  fringes  one  cen 
determine  the  concentration  gradient,  the  refiactive  index  gradient  and  the  diffusion  constant. 

For  a  large  number  of  substances  and  for  a  wide  range  of  concentration  values  there  is  a  linear  cfependence  of  the 
refractive  index  on  concentration,  so  one  may  consider  that^  : 


«(y,z)  =  no+^C(y,r) 


(1) 


where,  is  the  refiactive  index  of  the  solution,  no  is  the  refiractive  index  of  the  solvent,  C(y,2)  is  the  concentration 
due  to  the  difbsion  given 


(2) 


where,  1  is  the  width  of  the  cell,  is  the  slope  of  the  dependence  w  =  n\C A  is  the  wavelength  of  the  laser  beam 

dC 

(633  nm). 

Using  a  Pulfiich  refractometer  we  have  (tetermined  the  dependence  of  lefiactive  index  on  concentration  for  phenol-water 
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Fig*3.  Re&active  index  dependence  on  concentration  for  phenol-water  system. 

Let  be  the  &at  black  interference  fiinge  closest  of  the  interface  counted  like  fringe  of  zero  order.  So,  the  concentration  Co 
of  the  plane  containing  this  fringe  and  being  parallel  with  the  interface  is: 


=  0.27  kmol/  ^ 

/  m 


708 


«  =  «^+^Q=  1.337578 
oL 


dC  ^  kmol  / 
dz  ■ 

—  =  O.lOAmnT^ ,  where  dn/dC  is  the  slope  experimentally  determined,  X  =  6328  A,  l=5mm  is  the  width  of  the 
dz 

diOiision  cell,  n  is  the  refiactive  index  corresponding  to  the  first  black  fiinge,  Ho  is  the  refiactive  index  of  solvent 
(distilled  water)  and  z  is  the  distance  between  the  bottom  of  the  diSusion  cell  and  the  position  of  the  first  black  fiinge 
after  two  homa  firom  the  beginning  of  the  diSusion  phenomenon. 


3.2  Diffusion  constant  determination  for  phenol  -water  diffusion. 

The  diSusion  process  is  ruled  ly  Pick' s  second  law,  which  for  1-D  diSusion  can  be  expressed  as: 


dt 


=  Dab 


dz^ 


(3) 


where  Dab,  the  Hiffiisinn  coefficient,  is  independent  of  the  concentration  in  the  interval  of  concentrations  considered.  The 
solution  of  this  equation,  in  the  case  of  two  liquids  initially  separated  at  the  point  z=0  and  with  concentrations  Coi  and 
Cos.  is\  _ 


C{z,t) 


+c 

01  ~^os 


)  I  ^oi  ^Os 


:I24D 


AB‘ 


J  exTp(-T}^)d7] 


(4) 


Due  to  the  diSusion  phenomenon  taking  place  in  the  cell,  the  concentration  gradient  changes  as  a  function  of  time,  so  the 
concentration  variation  between  times  ti  and  tz  will  be: 


<5) 

C(z,ti)-C(z,i2)=  J  exp(-7j^)d7] 

z/24Djst2 

If  the  refiactive  index  varies  linearly  with  the  concentration  between  Coi  and  Cos  we  can  express  the  change  of  the  index 
of  refiaction  as: 


z/l^DABh 

n{z,ti)-n{z,t2)  =  A  J _ eK.p(-T]^)dT] 

z/2^Dj^t2 


where  A  is  a  constant. 

Through  holographic  interferometry  it  is  possible  to  record  on  a  holographic  plate  information  concerning  the  state  of  the 
i^em  at  times  ti  and  ta.  When  the  interferogram  is  reconstructed,  a  series  of  interference  fringes  appear  superimposed 
on  the  image  of  the  cell  whenever  the  following  conditions  is  fulfilled: 
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(7) 


n{z,ti)-n{z,t2) 


{2k  +  \)l 

21 


where  k  is  the  interference  order,  X  is  the  wavelength  of  the  ligjit  used,  and  1  is  the  thickness  of  the  diSusion  cell. 
Combining  the  previous  equations  one  obtains  for  the  difhision  coefficient  the  following  simplified  expression  (2): 


4^1 


ln(2/7  +  l)zi 

{2m  +  l)z2 


(8) 


Equation  (8)  allows  us  to  obtain  the  diffiision  coefficient  using  times  ti  and  t2,  which  have  elapsed,  since  the  start  of  the 
difiusion,  and  the  distances  Zi  and  Z2  firom  the  interface  position,  at  which  the  mth  and  pth  order  fiinges,  appear.  The 
mean  value  of  the  diffiision  coefficient  that  we  obtained  is  (8.9±0.02  )10‘^  m^/s.  Formula  (8)  is  valid  only  for  ( t2  -  ti) 
«ti,  Ruiz-Bevia  et  al.^  cxinsider  a  general  formula  having  no  restriction: 


1  exp(-77^  )dT]  /{im  + 1) 

- 

J  exp(-?7^)i/7/(2/?  +  l) 

In  order  to  aiply  the  above  formula,  further  experiments  are  needed 

3.3  Diffusion  constant  determination  for  phenol  -water  in  presence  of  GAC 

To  determine  the  diffiision  constant  for  phenol  in  water  in  the  presence  of  GAC  in  the  difiusion  cell,  granular  activated 
carbon  has  been  used  as  powder.  This  powder  has  been  situated  at  the  top  of  the  cell.  The  interferogram  obtained  in  this 
case  is  presented  in  Figure  4. 


Fig,4.  Interferogram  for  phenol  difinsion  in  water  in  presence  of  granulated  activated  carbon 

Pore  diffiision  is  the  mechanism  by  which  adsorbates  move  within  the  pores  of  the  adsoibent  before  being  adsorbed  onto 
the  surface  of  the  pores.  The  adsorbate  movement  is  controlled  by  the  liquid-phase  concentration  gradient.  The  pore 
difiusion  is  basically  the  same  as  the  adsoibate's  molecular  difiusion  except  it  is  modified  by  adsorbent  porosity  and  pore 
tortuosity.  Surface  difiusion  occurs  along  the  pore  surface  of  the  adsorbent  after  adsorption  has  taken  place,  l^e  dri^g 
force  for  the  sur&ce  difiusion  is  the  difierence  in  the  amount  adsorbed  on  the  pore  surface.  Experimental  results  have 
shown  that  the  values  of  surface  difiiisivity  are  a  function  of  the  solid  phase  concentration  and  temperature. 

A  concept  of  the  apparent  diffiision  has  been  used  to  lump  together  the  efiects  of  surface  and  pore  diffiisions.  The  model 
for  the  apparent  interparticle  difiusion  is 
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(10) 


^  =  J-Af D  r'^  — 

dt  ^  ^ j 


Where,  q  is  the  solid  phase  concentration  (g/m^),  r  is  radius  (m)  and  D*  is  the  eff^ve  diffusivity  (tn  /s).  A  relationship 
between  the  apparent  dififtisivity  and  the  surface  (Dj)  and  pore  (Dp)  dififtisivity  caii  be  derived .  In  liquid-phase 
adcnrprinn  pore  diffusivity  is  equal  to  the  molecular  diffiisivity  Dab  moified  by  the  physical  properties  of  the  adsorbent. 
The  physical  properties  include  adsorbent  pore  porosity  Zp  and  pore  tortuosity  Kp.  The  tortuosity  of  the  pore  has  a  negative 
effect  on  pore  diffusivity.  As  tortuosity  increases,  pore  diffusivity  decreases.  A  model  to  correlate  pore  diffusivity  with 
molecular  diffusivity,  adsorbent  porosity,  and  tortuosity  has  been  proposed: 

Dp=^DAB  (“> 

K„ 


s 

Tlje  ratio  _£.  cV>r>iilrf  be  a  constant  for  a  particular  adsorbent  and  can  be  determined  from  others  experiments.  So  that, 

Kp 

the  relation  (11)  can  be  used  to  determine  the  pore  diffusivity.  Using  equation  (8)  we  have  calculated  the  diffusion 
constant  of  phenol  in  water  Dab  and  we  have  obtained  practically  the  same  value  as  in  the  first  series  of  experiments. 


4.  CONCLUSIONS 

The  main  aim  of  this  stu^  was  to  obtain  and  to  process  interferograms  in  order  to  compute  some  physical  quantities 
involved  in  the  diffusion  phenomenon,  as  refiactive  index,  concentration  gradients,  and  diffusion  coefiScient  for  the 
phenol  -  water  system.  Two  cases  have  been  studied.  One  is  concerning  phenol  diffusion  in  water,  and  the  second  is 
focused  on  the  phenol  diffusion  in  water  in  the  presence  of  granulated  activated  carbon.  This  experiment  can  be  used  to 
determine  the  pore  diffusivity  if  adsorbent  pore  porosity  Sp  and  pore  tortuosity  are  known.  The  value  obtained  for 
diffusion  coefficient  for  phenol-water  system  is  in  good  agreement  with  those  given  in  literature. 
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ABSTRACT 

This  paper  presents  the  physico-chemical  properties  of  some  synthethic  porphyrin  dyes  obtained  at  ZECASIN  SA.  We  have 
measured  the  absorption,  excitation  and  fluorescence  spectra  of  these  <fyes  in  different  solvents.  From  them  we  have 
concluded  that  the  most  reliable  dye  for  our  studies  concerning  the  photodynamic  therapy  with  UV  lasers  is  Zn  II  -  tetralds- 
sulfonatophenyl  porphyrin  (Zn  -  TSPP). 

Keywords:  porphyrins,  DMSO,  natural  saline,  distilled  water,  photodynamic  therapy,  photosensitizers 

1.  INTRODUCTION 

Due  to  toe  fact  that  toe  photodynamic  therapy  (PDT)  is  an  irmovative  and  attractive  modality  for  toe  treatment  of  smalt  and 
superficial  tumors,  it  was  long  time  studied.  PDT  as  a  treatment  procedure  requires  both  a  selective  photosensitizer  and  a 
powerM  light  source  which  matches  toe  absorption  spectrum  of  toe  photosensitizer  *.  As  a  photosensitizer  Photofiin  n  was 
long  toe  studied  and  used  in  photodjiiamic  therapy  of  cancer.  The  major  drawbacks  of  this  product  are  toe  lack  of 
chemical  homogeneity  and  stability,  skhi  phototoxicity,  unfavourable  physico-chemical  properties  and  low  selectivity  with 
respect  to  uptake  and  retention  by  tumor  versus  normal  cells.  Second-generation  photosensitizers,  including  toe 
phtalodanines,  show  an  increased  photodynamic  efficiency  in  toe  treatment  of  animal  tumors  and  reduced  phototoxic  side 
effects’. 

Major  limiting  factors  for  toe  usefulness  of  PDT  have  been  the  limited  penetration  of  light  into  toe  tissues  and  toe  low 
absorbance  of  the  currently  used  sensitizers  at  wavelengths  larger  than  those  specific  for  hemoglobin  (toe  main  absorber  in 
most  tissues) 

Most  available  data  suggest  a  common  mechanism  of  action.  Following  excitation  of  photosensitizers  to  long  lived  excited 
singlet  and/or  triplet  states,  toe  tumor  is  destroyed  by  reactive  singlet  oxigen  species  (type  II  mechanism)  and/or  radical 
products  (type  I  mechanism)  generated  in  an  energy  transfer  reaction  ’’ 

As  a  fimction  of  toe  photosensitizer  physical  properties,  toe  access  towards  tumoral  cells,  in  vivo  or  in  vitro,  is  different 
First  it  is  necessary  to  find  a  solvent  which  could  dissolve  toe  (fye.  For  hydrophilic  sensitizers  toe  most  used  solvent  is 
water  and  deuterated  water.  This  solvent  is  also  consistent  with  toe  cell,  because  water  is  one  of  the  major  components  of 
living  cells.  But  these  hydrophilic  compounds  are  less  sensitive  than  toe  lipophilic  compounds. 

In  general,  toe  solvents  used  in  PDT  are  dimetoylsulfoxide  (DMSO),  ethyl  alcohol,  water,  phosphate  buffer,  natural  saline, 
etc;  toe  most  used  solvent  for  lipophilic  dyes  is  DMSO  which  is  a  strongly  coordinating  solvent  with  a  high  donor  number. 
It  has  teto  a  “hard”  site  (toe  oxygen  atom)  and  a  “sofF’one  (toe  sulphur  atom)  and  it  is  able  to  coordinate  most  transition 
metal  ions  and  also  toe  central  metal  from  porphyrins  or  phtalocyanine  macrocycles  After  dissolving  in  DMSO,  it  is 
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necessary  to  tninimiyp.  the  toxic  effects  by  mixing  the  solution  with  water  or  natural  saline,  in  order  to  bring  the  DMSO 
concentration  down  to  less  than  5%. 

Tumors  differ  in  a  number  of  ways  from  most  normal  tissues,  which  is  particularly  the  case  of  the  mahgnant  tumor  cells 
The  maiti  differences  between  tumors  and  tissues  include  the  following: 

a.  sohd  tumors  retain  somewhat  selectively  a  variety  of  dyes  at  concentrations  higher  than  those  found  in  many  kinds  of 
normal  tissues,  perhaps  as  a  result  of  differences  in  the  properties  of  the  microvasculature,  stroma,  etc. 

b.  the  mitochondria  of  carcinoma  cells  differ  from  those  in  non^  cells  in  that  they  accumulate  very  hi^  concentrations  of 
certain  photosensitizing  cationic  dyes,  such  as  some  cyanine  derivatives. 

c.  the  membrane  of  leukemic  lymphocytes  have  high  affinity  binding  sites  for  merocyanine  540  anionic  photosensitizing 
dye. 

d.  malignant  tumor  cells  have  some  cell  surface  antigens  that  are  different  from  those  of  nonnal  ceUs.  Monoclonal 
antibodies  directed  towards  tumor  cell  antigens  can  be  covalently  coupled  to  photosensitizing  dyes  . 

2.  PHYSICO-CHEMICAL  AND  SPECTRAL  PROPERTIES  OF  DYES 

The  dyes  we  studied  are  prepared  at  ZECASIN  S.  A.,  Bucharest,  using  appropriate  methods  . 

The  porphyrins  and  phthalocyanines  represent  two  classes  of  chemically  very  versatile  compounds.  Depending  on  ffie 
central  metal  and/  or  the  peripheral  substituents,  a  wide  range  of  photophysical  and  photochemical  properties  can  be 
obtained  [4].  We  have  chosen  these  dyes  because  their  absorption  is  strong  along  a  large  spectral  range  either,  which  made  it 
possible  to  excite  their  fluorescence  at  337.1  nm,  the  wavelength  of  the  N2  pulsed  laser.  The  physico-chemical  and  spectral 
properties  of  these  dfyes  are  summarized  in  Table  1. 

We  measured  the  absorption,  excitation  and  fluorescence  spectra  of  TNP,  TPP  and  TSPP  (Figs.  1,  2  Md  3).Then,  we  have 
studied  porphyrin  derivatives  with  metals,  such  as  Zn  -TNP,  Zn  -  TSPP,  Pb  -  TSPP  and  Mu  II-TSPP  (Figs.  4  -  12). 

From  the  absorption,  excitation  and  fluorescence  spectra,  that  we  have  recorded  with  a  SPECORD  UV-VIS 
spectrophotometer  and  respectively  with  a  classical  photophluorimeter,  we  concluded  that  Zn-TSPP,  which  has  a  more 
intense  fluorescence  intensity  could  best  fit  our  purpose  concerning  PDT.  The  absorption,  excitation  and  fluorescence 
spectra  of  Zn-TSPP  are  presented  in  Figs.  9  and  10. 


Tab.  1  Photosensitizer  dyes 


No. 

Dye 

Solvents  used 

Comments 

1. 

tetra-naphtyl  porphyrin 
(TNP) 

-DMSO 

-  water  with  5%  DMSO 

-porphyrin  derivative 
-important  aibsorption  at  337. 1  nm 
-good  selectivity 
-hifih  fluorescence  intensity 

2. 

tetra-phenyl  porphyrin 
(TPP) 

-DMSO 

-  water  with  5%  DMSO 

-porphyrin  derivative 
-important  absorption  at  337.1  nm; 

-go^  selectivity 

-high  fluorescence  intensity 

3. 

tetra-sulfonatophenyl 
porphyrin  (TSPP) 

-  distilled  water 

-  DMSO  ! 

-  water  with  5%  DMSO 

-porphyrin  derivative 
-aggregation  tendency  in  wateiy  medium 
-hi^  ^sorption  at  337.1  nm 
-good  selectivity 

4. 

Zn-tetrakis-naphtyl 
porphyrin  (Zn-TOT) 

-DMSO 

-porphyrin  derivative 
-hi^  ^sorption  at  337.1  nm 
-good  selectivity 
-high  fluorescence  intensity 
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No. 

Dye 

Solvents  used 

Comments 

5. 

Zn  n-tetra- 
sulfonatophenyl 
porphyrin  (Zn-TSPP) 

-  distiUed  water 
-DMSO 

-  water  with  5%  DMSO 

-poiplQrin  derivative 

-reduc^  aggregation  tendency  in  watery  medium 
-high  absorption  at  337. 1  nm 
-good  selectivity 
-high  fluorescence  intensity 

6. 

Pb  n-tetra- 
sulfonatophenyl 
porphyrin  (Pb-TSPP) 

-DMSO 

-porphyrin  derivative 
-high  absorption  at  337. 1  nm 
-good  selectivity 
-high  fluorescence  intensity 

7. 

Mn  n-tetra- 
sulfonatophenyl 
porphyrin  (Mn  II- 
TSPP) 

-distilled  water 
-physiological  serum 

-porphyrin  derivative 
-insoluble  in  DMSO 
-low  absorption  at  337.1  nm 

WSfW||pB^lMB| 


Fig.1  Absorption  spectra  of  1)  TNP  in  5%  DMSO;  2)  TPP  in  5%  DMSO;  3)  TSPP  in  water. 
(A  -  absorption  measured  as  extinction) 
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Fig.  4  Extinction  spectra  of  Zn  -  TNP  in  DMSO  at 
1)  5x10'^  M;  2)  2.5x10-’ H  3)  1.75x10-’ M 


428  nm 


Fig.  5  Excitation  spectra  of  Zn-TNP  in  DMSO  at  c=10‘^  M, 
at  610  nm  (1)  and  at  655nm  (2)  emission  wavelengths 


500  Mwtt] 


Fig.  6  Emission  spectra  of  Zn-  TOP  in  DMSO  with  c=10'’  M 
at  337  nm  (1),  436  nm  (2)  and  440  rnn  (3)  excitation  wavelengths 


Fig.7  Transmission  spectra  of  Pb-TSPP  in  DMSO 
at  1)  lO'^  M;  2)  5x1 0'^ M;  3)  lO"^  M;  4)  5x10’’  M 


140 


420  nm 


Fig.  10  Fluorescence  (1  -  Xex=337  nm)  and  excitation  (2  -  Kw=420  nm)  spectra  of  Zn  -  TSPP 

inDMSOatc=10'’M 


Rg.  12  Absorption  spectra  of  Mn  II  TSPP  in  natural  saline 
at  1)  c=10-'  M;  2)  c=2.5x  IQ-^M;  3)  0=10"*  M. 


3.  RESULTS  OF  TOXICITY  TESTS  ON  EXPERIMENTAL  MICE 


For  obtaining  sterile  solutions  that  would  be  injected  to  mice,  we  have  irradiated  at  a  home  maHR  microwave  installation 
working  at  a  current  intensity  I  =  210mA,  samples  containing  solutions  of  5%  DMSO  in  natural  saline.  The  advantage  of 
using  natural  saline  is  that  it  is  sterile  at  the  beginning  and  it  is  very  well  tolerated  by  the  organisrtL  We  have  irradiated  the 
first  sarrq)le  10s,  the  second  15s,  the  third  20s,  the  fourth  two  times  15s  and  the  fifth  three  times  15s.  The  samples  no.4  and  5 
were  uradiated  in  series  of  two,  respectively  3  times  15  seconds  in  order  to  avoid  overheating.  From  UV-VIS  spectra  we 
have  concluded  that  there  are  no  significant  differences  between  sanq}les  before  and  after  microwave  sterilization.  With  the 
same  purpose  to  measure  the  sterile  character  of  the  solutions  we  also  have  made  sauries  investigation  using  an  optical 
microscope.  Since  all  these  studies  did  not  ^ve  any  evidence  about  viruses,  bacteria  or  other  microorganisms,  we  have 
concluded  that  our  sattq)les  are  sterile  after  microwave  irradiation. 

The  second  stage  was  to  study  the  toxicity  of  the  solutions  on  experimental  mice.  We  have  used  two  mice  with  100  g 
weight.  We  have  injected  the  mice  with  0.25  ml  solution  of  DMSO  in  natural  saline  at  5  %  concentration  and  with  2.5  ml 
solution  of  DMSO  in  natural  saline  at  0.5  %  concentration,  respectively.  These  mice  did  not  present  special  symptoms,  so 
^  we  have  concluded  that  the  solutions  are  not  toxic.  We  have  done  another  injection  with  0.25ml  of  10%  DMSO  solution 
in  natural  saline.  The  mouse  injected  did  not  present  unusual  symptoms,  either. 

We  have  injected  another  two  ej^rimental  mice  with  solutions  of  Zn-TSPP  (tye  in  5%  DMSO  in  distilled  water  with  dye 
concentration  of  lO"^  M  and  10'^  M,  respectively.  Neither  these  mice  did  present  symptoms  which  can  be  bound  with 
solution  toxicity. 


4.  CONCLUSIONS 

The  absorption,  excitation  and  fluorescence  spectra  of  the  studied  dyes  show  that  the  UV  radiation,  especially  that  emitted 
by  a  N2  pulsed  laser  at  337.1run  may  be  used  for  PDT.  This  class  of  photosensitisers  would  allow  mainly,  in  principle  to 
obtain  the  same  kind  of  effects  for  PDT  as  in  the  hematoporphyrins  case  were  the  absorption  takes  place  in  red;  the 
actyantage  of  exciting  the  photosensitisers  in  UV  is  that  the  available  sources  in  that  range  are  more  powerful  than  those 
with  emission  in  red  and  we  could  obtain  a  more  efficient  effect  for  PDT. 

From  our  measurements  it  results,  that  the  most  recommended  (tye  is  Zn  TSPP  in  DMSO  at  0.5%  concentration,  but  the 
other  dyes  have  chararteristics  which  made  them  interesting  for  PDT  studies. 

The  toxicity  experiments  done  on  mice  have  shown  that  the  Zn  -  TSPP  and  DMSO  solutions  are  tolerated  by  animal 
organisms  and  ht  is  expected  to  be  accepted  for  use  on  human  patients. 

From  the  obtained  results  it  appears  advisable  to  continue  the  studies  following  two  directions: 

-  to  stu^  other  types  of  porphyrins  in  order  to  identifu  even  more  convenient  photosensitizers; 

-  to  begin  the  phototoxicity  and  PDT  studies  on  human  patients. 
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ABSTRACT 

Researches  on  thermal  processes  developed  inside  the  human  body  and  on  the  quantity  of  heat  emitted  by  the  body  in  its 
environment  allowed  obtaining  important  information  about  the  equilibrium  between  the  human  body  and  its  environment 
and  about  the  body’s  biological  activity  and  state  of  health.  Methods  like  thermography  and  thermovision,  involving 
measuring  human  body's  temperature,  are  presently  used  at  present  as  medical  diagnose  methods  for  diseases  even  m  their 
early  stages  of  development.  A  very  accurate  piece  of  information  about  the  thermal  processes  that  are  developing  inside  the 
human  body  can  be  obtained  from  direct  measurements  of  the  heat  emitted  by  the  body's  surface  using  thermal  flux  sensors 
of  a  thermoelectric  type.  Thermoelectric  effects  occurring  in  anisotrope^and  inhomogeneous  media  are  involved  in 
functioning  of  this  type  of  sensors  that  can  detect  heat  fluxes  up  to  10  *  W/cm^. 

Keywords:  thermoelectric  sensors,  medical  equipment,  thermal  flux 

1.  INTRODUCTION 

In  this  paper,  we  propose  the  use  of  thermoelectric  sensors  that  detect  the  heat  flow  emitted  by  the  body's  surface  and  also 
measure  its  temperamre,  in  order  to  develop  a  more  accurate  method  for  medical  diagnosis. 

As  evidenced  by  the  results  of  various  medical  studies,  the  temperature  anomalies  at  some  points  of  human  body  often 
results  from  functional  and  organic  problems  and  in  certain  stages  of  development  of  the  disease,  especially  in  its  early  one, 
the  information  obtained  from  temperature  anornalies  can  be  used  for  medical  diagnosis.  From  all  the  methods  for  medical 
diagnosis  involving  the  use  of  such  information,  thermography  is  the  best  known. 

However,  the  distribution  of  temperature  over  the  skin  can  give  only  a  limited  information  about  the  thermal  processes 
developed  inside  the  body.  This  fact  is  related  to  the  distortion  of  the  temperature  data  induced  by  the  auto-thermo¬ 
regulating  mechanism  of  the  body.  For  example:  in  a  steady  state,  the  human  body  emits  a  caloric  flux  of  almost  50  W  at  a 
normal  temperature  of  36,6  “C.  In  the  case  of  a  physic  effort,  the  caloric  emission  can  grow  up  to  500  -  1000  W,  but  the 
temperature  is  maintained  at  its  normal  value  by  the  thermo-regulating  mechanism.  In  this  case,  the  conclusion  is  that  the 
temperature  is  not  a  reliable  source  of  information  about  the  thermal  processes  developed  inside  the  body. 

A  more  accurate  information  can  be  obtained  by  direct  measuring  the  heat  flow  emitted  by  the  body.  These  measurements 
can  be  done  using  thermoelectric  sensors,  taking  into  account  the  fact  that  the  newest  types  of  these  sensors  can  measures 
heat  flows  up  to  10'*  W/cm^. 

The  thermoelectric  sensors  for  measuring  heat  flows  can  be  a  very  reliable  source  of  information  regarding  the  energetic 
balance  of  the  interaction  between  the  human  body  and  its  surrounding  medium.  The  use  of  a  system  composed  of  such 
sensors  over  body's  surface  allows  obtaining  data  about  this  energetic  balance  and  about  the  energetic  reaction  of  the  body 
when  an  external  factor  varies. 

In  order  to  be  able  to  measure  such  energetic  modification  we  propose  the  development  of  medical  equipment  containing  in 
a  chain  of  thermoelectric  sensors  placed  on  the  patient's  skin.  The  electrical  signals  obtained  from  all  the  sensors  will  be 
integrated  and  processed  in  order  to  obtain  the  energetic  (caloric)  balance,  and  by  comparing  the  individual  signal  obtained 
from  one  sensor  to  the  signals  obtained  from  the  others  sensors,  we'll  be  able  to  find  out  which  regions  of  the  body  can  be 
seen  as  preferential  channels  in  the  energy  exchange  between  the  body  and  the  surrounding  medium. 
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The  proposed  sensors  are  also  devices  that  can  precisely  measure  the  temperature.  In  this  way,  the  equipment  will  do  a 
thermographic  and  a  calorimetric  investigation  of  the  human  body.  This  task  will  involve  solving  the  mathematical  problem 
of  calculating  the  distribution  of  temperature  and  heat  flow  inside  the  body,  thing  that  can  be  done  only  by  using  a  powerful 
computer. 


2.  MEASURING  THE  HEAT  FLOW  USING  THERMOELECTRIC  SENSORS 

The  microcalorimeters  with  thermoelectric  sensors  are  devices  that  measure  the  density  of  the  thermal  flow.  Their 
constructive  structure  depends  on  their  domain  of  use  and  the  method  of  heat's  (heat  flow's)  transport  (materials’ 
thermoconductivity,  exchange  of  heat  in  terms  of  convection  or  emission). 

Such  a  device^  uses  the  reference  method  -  the  introduction  along  the  direction  of  the  heat  flow  of  a  standard  barrier  having 
a  known  thermoconductivity  coefficient.  In  this  way,  the  intensity  of  the  heat  flow  produces  an  easy  measurable  temperature 
difference  on  the  barrier  (see  Fig.l).  A  measuring  device  is  connected  to  the  thermoelectric  sensor  and,  if  it  is  proper 
graduated,  the  value  of  the  heat  flow  is  measured. 


1 


Fig.  1  Scheme  for  measuring  heat  flow,  where: 

- 1  is  the  reference  barrier, 

-  2  is  the  thermocouple  that  measures  the  temperature  T 

-  3  is  the  thermocouple  that  measures  the  temperature  T+AT 


The  main  parameters  of  such  a  device  are: 

•  Sensibility  So 

•  Working  coefficient  kp 

•  Thermal  resistance  Rx 

•  Thermocouple's/  thermobattery's  resistance  Q 

•  Time  constant  t 

•  Working  domain  of  temperatures 

•  Area  of  the  working  surface 


The  thermoelectromotive  force  produced  at  the  sensor's  surface  is  proportional  with  the  heat  flow  Qw: 


where: 


E  =  kQw 

k  =  l(ai-a2)/x 

ai  and  (Xi  are  the  Seebeck  coefficients  of  the  materials  from  which  the  arms  of  the  thermocouple  are  made. 
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1  is  the  thickness  of  the  reference  barrier, 

X  is  the  thermoconductivity  coefficient  of  the  barrier. 

The  sensibility  of  the  thermoelectric  sensor  is  its  most  important  parameter.  The  sensibility  is  defined  as  the 
thermoelectromotive  force  produced  at  the  sensor's  surface  by  a  heat  flow  equal  to  unity: 


So  -  E  /  Qw  ~  1  (oti  -  012)  /  X 

The  working  coefficient  is  defined  as: 

Kp=l/So 

When  some  inhomogeneities  in  the  heat  flow  appear,  the  results  of  measurements  can  be  affected;  that  is  why  the  contact 
wires  are  mounted  in  the  central  part  of  the  electrodes. 


3.  MEASURING  THE  HEAT  FLOW  USING  MULTIPLE  THERMOELECTRIC  SENSORS 

The  use  of  a  singular  thermoelectric  sensor  allows  making  measurements  of  heat  flow  in  the  range  of  10^  -10®  W/m^.  In 
comparison,  devices  with  multiple  sensors  have  a  higher  sensibility.  The  devices  that  use  the  thermobattery  as  a  reference 
barrier  have  the  maximum  sensibility. 

Depending  on  the  concrete  conditions  of  use,  different  materials  can  be  used  for  the  reference  barrier:  rubber,  paronite,  glass 
fiber,  asbestos,  etc.  For  reducing  the  errors  induced  by  the  device,  the  material  for  the  reference  barrier  is  chosen  in  such  a 
way  to  have  for  the  thermoconductivity  coefficient  a  value  as  near  as  possible  from  the  value  corresponding  to  the  material 
crossed  by  the  heat  flow. 

The  thermobatteries^  are  made  from  metallic  alloys  and  are  used  for  thermocouples.  The  most  used  are  the  batteries  with 
galvanic  films  made  of  Cu  deposited  on  constantan  or  Ni  deposited  on  Cr.  It  can  be  also  used:  constantan-Ag,  coppel-Ag, 
coppel-Cu,  coppel-Au,  alumel-Fe,  coppel-Fe,  nikelina-Ni,  and  rodiplatinum-platinum. 

In  a  sensor  having  an  area  of  17x17  mm^  we  can%ave  between  3000  and  3500  thermocouples  glued  in  an  epoxi  resin  or  in  a 
thermoresistive  lacque.  The  epoxi  (ED4)  resin  can't  be  used  for  temperatures  higher  than  100  °C;  the  ED  -  6  resin  has  as  a 
maximum  temperature  the  value  of  120‘’C  and  the  FEAD  -  13  resin,  the  temperature  of  150  "C.  For  higher  temperatures, 
enamel  is  used. 

In  table  1,  the  parameters  of  some  devices  used  for  heat  flows  measurements  are  presented. 


Tab.  1  Parameters  of  usual  sensors  used  for  heat  flow  measurements 


Type  of  the  device 

Domain  of  measured  heat  flow  (W/m'^) 

Sensibility  (mV  m^/W) 

DTP-02-01 

0.2  -  3  X  10“ 

1.5  X  10'^ 

DTP-02-4 

0.1-2x10'' 

7x  10'" 

DTP-02-5 

0.1-2x10'' 

8  X  10'^ 

DTP-02-7 

0 

1 

0 

1 

DTP-02-8 

lO'"- 10“' 

1  X  10'* 

DTP-02-9 

10''  - 10“' 

2  X  10'" 

DTP-02- 10 

10-'  - 10'' 

4x  10'^ 
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4.  EQUIPMENT  WITH  ANISOTROPIC  THERMOELECTRIC  SENSORS  FOR  MEDICAL 

APPLICATIONS 


The  main  requirements  of  such  a  medical  equipment^  i.e.  the  method  simplicity  combined  with  a  high  sensitivity  and  low 
errors  were  fulfilled  at  this  stage  of  work  by  differential  switching  of  two  identical  sets  of  sensors  which  allows  to  find  both 
the  absolute  temperature  values  at  a  given  point  and  its  overheat  with  respect  to  the  design.  By  using  such  a  method,  the 
sensitive  elements  were  electrically  switched  in  an  anti-parallel  way,  and  the  sensors  were  mechanically  fixed  by  partial 
evacuation  of  the  volume  enclosed  between  the  receiving  pad  and  the  controlled  surface. 

The  results  of  the  first  investigations  have  shown  that  the  use  of  these  sensors  permits  to  control  temperature  anomalies  at 
symmetric  points  of  human  body  and  clearly  diagnose  such  diseases  as  mastitis,  myomas,  onco-diseases,  bruises,  closed, 
fractures,  etc. 

The  sensor  consists  of  a  housing  made  of  dielectric  material  of  low  thermal  conductivity  in  the  form  of  a  hollow  truncated 
cone,  with  its  lower  part  fixed  to  heat  dissipating  A1  radiator  by  means  of  inner  threaded  connection.  The  inner  cone  surface 
has  a  convex  form  and  on  its  lateral  surface  there  is  an  opening  with  a  rubber  member  fixed  to  it  by  means  of  a  coupling.  At 
the  output  of  the  coupling  on  the  inner  cone  surface  in  a  circle  there  is  a  neck  serving  as  a  restricting  protrusion  determining 
the  distance  between  the  receiving  pad  and  the  surface  of  the  measured  object.  Thermoresistive  element  based  on  the 
anisotropic  thermobattery  is  situated  between  the  receiving  pad  made  of  black  copper  and  the  dissipating  radiator.  The 
working  faces  of  the  battery  are  electrically  insulated  using  the  layer  made  of  deposited  SiOj  and  the  gasket  made  of 
ceramics  based  on  AI2O3.  The  electrical  leads  of  the  thermoelectric  battery  are  flexible  wires  passing  through  the  opening  in 
the  center  of  radiator. 


Fig.l  Anisotropic  sensor  for  medico-biological  investigations 
1  is  the  housing,  2  is  the  coupling,  3  is  the  rubber  member,  4  is  the  receiving  pad, 

5  and  7  are  the  gasket,  6  is  the  thermopile,  8  is  the  Radiator,  9  are  the  electric  leads  and  10  is  the  heat  insulating  handle 
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The  choice  of  the  number  of  anisotropic  sensors  and  of  their  dimensions  was  governed  by  the  requirements  for  the 
equipment's  characteristics.  In  our  case,  the  equipment  comprises  the  thermoelectric  battery  (0.7x0.7  cm  )  consists  of  16 
sensors  0.1  cm  high  and  has  the  followings  parameters: 

-  S  =  0.36  V/W; 

-  R  =  7.KQ; 

T  =  3  s 

temperature  control  with  an  accuracy  of  0.3  K 

5.  CONCLUSIONS 

In  order  to  develop  a  more  accurate  method  for  medical  diagnosis  we  proposed  the  use  of  thermoelectric  sensors  that  can 
detect  both  the  heat  flow  emitted  by  the  body's  surface  (up  to  lO'®  WW)  and  its  temperature.  In  this  way,  the  thermal 
anomalies  for  some  points  of  the  human  body  can  be  detected  and  interpreted  in  terms  of  functional  and  organic  problems 
associated  with  diseases  in  various  stages  of  development.  Better  results  can  be  obtained  using  the  proposed  method  than 
using  thermography  (the  best  known  method  for  medical  diagnosis  involving  the  use  of  thermal  information),  taking  into 
accoimt  the  fact  that  the  distribution  of  temperature  over  the  skin  can  give  only  a  limited  information  about  the  thermal 
processes  developed  inside  the  body.  This  fact  is  related  to  the  distortion  of  the  temperature  data  induced  by  the  auto- 
thermo-regulating  mechanism  of  the  body.  A  more  accurate  information  can  be  obtained  by  direct  measuring  the  heat  flow 
emitted  by  the  body. 

In  order  to  be  able  to  measure  such  energetic  modification  we  proposed  the  development  of  a  medical  equipment  containing 
in  a  chain  of  thermoelectric  sensors  placed  on  the  patient's  skin.  The  electrical  signals  obtained  from  all  the  sensors  are 
inte<^rated  and  processed  in  order  to  obtain  the  energetic  (caloric)  balance,  and  by  comparing  the  individual  signal  obtained 
from  one  sensor  to  the  signals  obtained  from  the  others  sensors,  we'll  be  able  to  find  out  which  regions  of  the  body  can  be 
seen  as  preferential  chaimels  in  the  energy  exchange  between  the  body  and  the  surrounding  medium. 

The  choice  of  the  number  of  anisotropic  sensors  and  of  their  dimensions  was  governed  by  the  requirements  for  the 
equipment's  characteristics.  In  our  case,  the  equipment  comprises  the  thermoelectric  battery  (0.7x0.7  cm )  consists  of  16 
sensors  0.1  cm  high  and  has  the  followings  parameters:  sensibility  S  =  0.36  V/W,  thermal  resistance  R  =  7.  KQ,  time 
constant  t  =  3  s  and  temperature  control  with  an  accuracy  of  0.3  K. 
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ABSTRACT 

This  paper  present  an  analysis  of  the  remote  sensing  methods  of  extracting  information  on  soils  and  land  cover.  For  this 
porpoise  we  selected  Danube  Delta,  a  complex  ecosystem,  with  an  important  role  in  Romanian  environment  and  economy. 
Several  types  of  satellite  images  were  used;  in  order  to  assess  their  suitability  in  land  cover  and  vegetation  changes 
detection.  Landsat  MSS  and  TM,  ERS1&2  images  were  used.  Were  applied  contrast  enhancing  and  special  filtering 
procedures  to  improve  image  and  remove  speckle  (linear,  root  filtering,  destriping,  Frost  and  Lee  filters).  At  the  end  of  this 
phase,  we  obtained  good  quality  images  with  not  significant  information  losses.  On  these  images  we  performed 
unsupervised  and  supervised  classifications,  (vegetation  classes  were  established  during  “in  situ”  ground  truth  collection 
campaigns).  The  result  of  this  application  was  the  confirmation  that  only  combined  sets  of  images  (optical,  IR  and 
microwave)  can  be  a  useful  tool  for  land  cover  assessment,  vegetation  and  soil  discrimination.  Beside  the  multi  sensor 
approach,  another  condition  for  a  complete  observation  is  the  multitemporal  approach,  by  using  several  images  acquired  at 
different  intervals  of  time,  in  this  way  we  can  obtain  a  good  vegetation  discrimination  on  seasonal  basis. 


Keywords:  Remote  Sensing,  soil,  land  cover 


1.  INTRODUCTION 

An  important  advantage  that  Remote  Sensing  is  providing  is  that  ensures  a  continuous  monitoring  for  large  areas,  even  at 
global  scale.  Remote  Sensing  can  be  used  in  a  wide  variety  of  disciplines  and  fields  of  interest  of  the  economic  activity. 

There  are  discussions  about  a  proper  definition  of  Remote  Sensing,  a  more  accurate  and  a  simple  definition  can  be:  Remote 
Sensing  is  a  complex  of  disciplines  oriented  on  spatial  and  physical  characteristic  detection  of  objects  without  direct  contact. 
Depending  on  platforms  used  for  sensors  we  have  terrain,  air  and  sattelitary  remote  sensing  and  depending  on  the  domain  of 
the  sensors  there  is  optic,  radar,  lidar,  IR  etc.  In  the  past  30  years  great  progress  were  achieved  in  spatial  and  radiometric 
resolution  of  the  remote  sensed  data  and  a  large  area  of  applications  were  identified.  Land  use  and  vegetation  discrimination 
are  some  of  these  applications(l). 

An  analysis  of  the  remote  sensing  methods  of  extracting  information  on  soils  and  land  cover.  For  this  porpoise  we  selected 
Danube  Delta,  a  complex  ecosystem,  with  an  important  role  in  Romanian  environment  and  economy. 

Several  types  of  satellite  images  were  used;  in  order  to  assess  their  suitability  in  land  cover  and  vegetation  chan<»es 
detection(2).  Landsat  MSS  and  TM,  ERS1&2  images  were  used.  Were  applied  contrast  enhancing  and  special  filtering 
procedures  to  improve  image  and  remove  speckle  (linear,  root  filtering,  destriping,  Frost  and  Lee  filters).  At  the  end  of  this 
phase,  we  obtained  good  quality  images  with  not  significant  information  losses. 

On  these  images  we  performed  unsupervised  and  supervised  classifications,  (vegetation  classes  were  established  during  “in 
situ”  ground  truth  collection  campaigns). 
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The  use  of  combined  optical  and  radar  domain  images  provided  the  necessary  information  to  assess  different  soil  types  and 
to  classify  the  vegetal  canopy  in  cultivated  and  spontaneous  classes  of  vegetation. 

Another  important  source  of  information  is  AVIRIS  data(8),  Using  multivariate  analysis  techniques,  can  be  observes  that 
soils  of  different  types  can  be  discriminated  with  high  accuracy. 

An  important  factor  the  use  of  remote  sensing  in  soil  and  vegetation  discrimination  is  the  resolution.  In  more  detail,  a  scene 
is  characterized  by  four  key  parameters:  spectral,  spatial,  and  temporal  resolution  and  view  angle  (Duggin  1985).  The 
spectral  resolution  of  the  sensor  is  given  by  the  wavelengths  of  the  electromagnetic  spectrum  used,  the  size  of  the  area  on 
the  ground  represent  the  spatial  resolution  and  is  restricting  the  field  of  applications  and  the  measurements  that  can  be 
performed  on  the  image.  The  spatial  resolution  relative  to  the  spatial  structure  of  the  scene  objects  determines  the 
appropriate  analysis  methods  for  scene  inference  (Woodcock  and  Strahler  1987).  The  fi'equency  with  which  images  ^e 
obtained  in  time  is  referred  as  the  temporal  resolution  specifies.  View  angle  is  also  an  important  component  of  the  imaging 
geometry. 


2.  TEST  SITE  DESCRIPTION 

We  located  a  zone  near  Bucharest  (Romania)  to  perform  land  cover  detection  procedures,  mainly  because  the  terrain 
recognition  was  easy  to  make  and  also  because  for  this  zone  we  had  several  images  from  Landsat  MSS,  Landsat  TM  and 
from  S  AR-ERS  1 . 

The  study  zone  is  intensively  cultivated  and  the  vegetal  cover  is  complex  and  representative  for  a  larger  geographical  area. 
Forests  are  also  presented  in  a  good  proportion.  The  Cemica  zone,  at  North  East  of  Bucharest  is  an  example  of  cultivated 
landscape  and  here  the  human  interference  with  the  Nature  is  most  visible,  as  is  one  of  the  most  densely  populated  zones. 

Danube  Delta  was  the  other  test  site.  Its  vegetal  canopy  characteristics  are  special,  the  spontaneous  vegetation  being 
dominant.  In  the  winter  season,  soil  classificatibn  can  be  performed  if  there  is  no  snow  coverage  and  the  vegetation  is  no 
more  covering  the  surface  except  for  the  dead  leaf  layer.  In  this  case  cultivated  fields  can  be  simply  delimitated  from  the 
spontaneous  vegetation  by  using  multitemporal  images. 

3.  DATA  PROCESSING 

Digital  image  processing  involves  several  procedures  of  preprocessing,  enhancement,  analyze  and  information  extraction. 
To  eliminate  the  atmospheric  influence  on  the  radiometric  signal  of  the  image,  several  radiometric  correction  procedures 
can  be  applied.  In  this  way,  together  with  other  image  enhancement  procedures,  in  the  end  of  the  preprocessing  stage,  we 
can  obtain  a  corrected  image  of  a  good  quality,  ready  to  be  analyzed  in  order  to  extract  the  useful  information. 

As  we  are  interested  in  soil  and  vegetation  discrimination,  the  best  way  to  achieve  the  maximum  precision  in  the  thematic 
map  with  soil  and  vegetation  types  distribution  over  the  selected  test  sites  it  would  be  best  not  to  perform  any  preprocessing 
on  the  images  in  order  not  to  alter  the  information  contained.  In  this  case  we  choose  to  perform  several  correction  before  the 
classification,  mostly  because  we  were  interested  also  in  the  interpretation  of  the  images  and  also  we  wanted  a  good 
geospatial  referencing  for  these  images  as  we  intended  to  use  the  results  as  data  entries  in  a  Geographic  Informational 
System. 

In  Fig.  1-3  are  presented  several  atmospheric  corrections  performed  on  Landsat  TM  image  of  Cemica  zone  for  each  image 
channel.  It  can  be  observed  a  significant  improvement  of  the  image  and  minor  information  looses. 
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Fig.  1  Atmospheric  correction  applied  on  a  Landsat  TM  image  ch.  3  -  Cernica  zone 


Fig.  2  Atmospheric  correction  applied  on  a  Landsat  TM  image  ch.  2  -  Cernica  zone 


Fig.  3  Atmospheric  correction  applied  on  a  Landsat  TM  image  ch.  5  -  Cernica  zone 

The  geometric  correction  are  the  next  step  in  preprocessing  and  as  different  types  of  images  are  affected  of  different  types  of 
geometric  errors,  specialized  geometric  corrections  must  be  performed  accordingly  to  the  type  of  image. 

Precision  correction  removes  the  rest  of  the  geometric  errors,  caused  by  the  position  and  the  altitude  of  the  spatial  platform 
of  the  sensor.  The  necessary  corrections  to  obtain  an  image  compatible  with  the  desired  map  projection  (in  this  case  UTM) 
will  “force”  the  image  to  follow  the  longitude/latitude  grid  of  the  projection.  But  this  correction  is  not  enough  in  the  case  of 
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hi»h  relief.  The  topographical  distortion  can  be  removed  for  the  SAR  images  by  using  digital  terrain  niodels.  For  the 
selected  test  areas,  the  relief  displacement  was  not  a  problem  due  to  the  fact  that  both  zones  were  on  flat  terrain. 

For  this  porpoise  we  used  the  map  registration  technique.  A  digitized  map  of  the  study  area  was  used  to  select  ground 
control  points  and  the  corespondent  points  were  identified  on  the  image.  With  this  set  of  pair  of  confrol  points  (road 
intersections  or  a  distinct  feature)  selected  we  measured  the  displacement  of  these  ground  confrol  points  between  the 
uncorrected  image  and  the  master  data  set  (in  this  case  a  map).  In  order  to  determine  the  two  coordinate  coefficients  for  the 
transformation  equations  we  use  a  least  square  regression  analysis.  These  coefficients  relate  the  distorted  image  to  the  map. 

The  geometric  correction  can  be  performed  in  two  step  process; 

-  Transformation  of  pixel  coordinates-  a  corrected  pixel  matrix  is  generated  accordingly  to  the  map  geometry. 

The  transformation  model  requires  that  polynomial  equations  to  be  fitted  to  the  ground  control  points  selected  on  the  mat 
usino  least  squares  method  to  compute  the  corrections  without  identifying  the  source  of  distortion.  The  most  suitable 
polynomial  equation  is  a  second  order  polynomial  transform,  witch  is  best  and  with  acceptable  precision  describing  the  way 
the  uncorrected  image  will  be  warped  to  register  to  the  master  image. 

X^=aa+a^x  +  a^_y  +  a^xy  +  a^x^ +a^y^ 

7j  =  +  b,x  +  b^y  +  b^xy  +  b^x-  +  b,y^ 

-  Resampling:  to  determine  the  pixel  values  to  fill  into  the  corrected  matrix  fi-om  the  uncorrected  image. 

By  resampling  we  interpolated  the  gray  values  of  each  pixel  of  the  original,  distorted  image  and  to  relocate  the  pixel  with 
it’s  corresponding  gray  value  in  an  appropriate  location  in  the  corrected  matrix.  There  are  several  methods  that  can  be 
applied  (Nearest  neighbor.  Bilinear  interpolation  and  cubic  convolution).  In  this  case  we  did  not  choused  the  cubic 
convolution,  that  is  using  the  weighted  average' of  the  sixteen  surrounding  pixels  of  the  uncorrected  image  to  approximate 
the  intensity  value. 

The  most  rapid  method  of  resampling  is  the  nearest  neighbor,  that  determines  the  gray  level  fi-om  the  closest  pixel  in  the 
input  coordinate  specified  and  assigns  that  value  to  the  output  coordinate,  in  order  not  to  alter  the  gray  level  real 
distribution. 

Image  enhancement  involves  the  application  of  procedures  designed  to  facilitate  the  interpretation  of  images.  In  attempting 
to  identify  the  types  of  soil  and  the  vegetation  type  by  using  their  gray  level  we  performed  unsupervised  and  supervised 
classification  procedure  over  the  same  area  test-  i.e.  Cernica  zone,  near  the  Bucharest.  As  the  reflectance  of  each  type  of  an 
object  behaves  different  across  the  wavelength  spectrum  it  is  enough  to  perform  a  spectral  discrimination  for  every  type  of 
land  cover. 

The  parameter  estimation  process  for  spectral  classifiers  can  be  generalized  as  being  supervised  or  unsupervised  (Swain  and 
Davis  1978,  Schowengerdt  1983).  A  supervised  classification  use  a  sample  of  image  elements  for  each  land  cover  class  to 
estimate  parameters,  the  classifier  is  usually  a  mean  vector  and  covariance  matrix. 

For  unsupervised  classification,  we  used  clustering  algorithm  group  the  spectral  responses  of  the  data  in  several  populations 
of  pixels  within  a  determined  domain  of  reflectpce,  which  are  referred  to  as  spectral  classes  and  parameters  estimated  for 
these  spectral  classes  (Richards  and  Kelly  1984)'.'  Training  to  establish  a  correspondence  between  the  spectral  classes  and  the 
land-cover  classes.  The  maximum  likelihood  classification  proved  to  be  a  less  probability  error  method  of  unsupervised 
classification.  To  enhance  the  standard  output  from  the  maximum  likelihood  classification  can  be  created  a  raster  for  each 
land-cover  class  wherein  the  pixel  value  would  be  the  a  posteriori  probabilities  of  membership  for  the  category.  As  a  result 
we  obtain  a  probabilistic  digital  map  of  the  geographic  distribution  for  every  land-cover  class  in  the  image. 


Once  the  land  cover  classes  determined  a  precision  of  the  classification  can  be  performed  on  the  field,  at  a  test  site,  chosen 
as  to  be  representative  for  all  the  classes. 


729 


Fig.  4  Unsupervised  classification  -  8  classes.  Cemica  zone 


The  supervised  classification  requires  aprioric  information  regarding  the  spectral  reflectance  of  different  classes  of  land 
cover  and  the  use  of  this  parameters  to  instruct  the  classifiers  to  group  the  appropriate  pixels  with  similar  reflectance 
responses  in  the  identified  land  cover  classes. 

Using  the  unsupervised  classification  results,  we  compared  to  the  reality  in  field  and  an  accuracy  of  more  of  85%  of  cover 
type  proved  to  be  correct.  The  rest  of  misclassification  results  were  due  to  the  lack  of  homogeneity  of  the  land  cover. 

The  main  steps  were: 

-  Defining  the  database  channels,  visual  reference  and  training  channels 

-  Signature  Generation  /editing:  Training  area  acquisition,  signature  generation,  trial  classification,  signature  separability 
measures,  scaterplot  generation  and  histogram  generation. 

-  Data  classification,  saving  results. 

The  result  of  this  classification  is  presented  in  Fig.  5.  It  can  be  observed  that  the  output  is  similar  to  the  one  obtained  form 
the  unsupervised  classification  :  there  is  a  clear  distinction  between  young  and  mature  forest,  the  bare  soil  is  needy 
differentiated  from  the  constructed  zones  and  the  cultivated  land  is  represented  with  high  accuracy.  The  confusion  appeared 
only  in  forested  regions  were  tree  population  (8)was  not  homogenous. 
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Legend: 
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4.  CONCLUSIONS 

From  the  data  analysis  a  good  quality  soil-vegetal  ion  discrimination  can  be  obtain  by  using  images  in  the  >isible  domain. 
The  radar  data  can  also  be  of  great  help,  especially  >vhen  wq  are  interested  in  water  content  and  stressed  vegetation.  Tlic 
radar  images  can  be  useful  for  roughness  surface  assessment,  which  is  an  important  parameter  also  in  land  cover  studies.  As 
llie  spatial  and  the  radiometric  resolution  is  improving  day  by  day  and  new  satellites  w  ilh  new.  performant  sensors,  which 
are  scheduled  to  be,  launched  in  the  near  future,  a  more  complex  and  accurate  data  will  flow  on  the  desk  of  the  remole¬ 
sensing  specialists.  The  only  way  to  handle  this  large  amount  of  information  is  to  use  a  GIS  frame  and  utilities  of  dynamic 
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databases.  Another  problem  is  the  access  to  land  use  information  for  all  those  involved  in  land  and  living  resources 
management.  The  cost  of  this  information  is  not  yet  fully  accessible  and  also  not  all  the  land  use  specialists  are  accustomed 
with  the  remote  sensing  specific  methods. 

If  we  use  only  ground  observations  of  seasonal  characteristics  we  can  obtain  information  concerning  specific  plants  over  a 
limited  spatial  area.  But  satellite  data  analysis  is  able  to  provide  the  broad-scale  measure  of  changes  in  plant  canopy  at  a 
regional  level.  Multitemporal  satellite-derived  vegetation  observations  have  allowed  researchers  to  quantify  seasonal  events 
and  to  characterize  vegetation  according  to  its  seasonal  patterns  an  to  its  soil  substrate  in  the  context  of  humidity  level. 
(Reed  and  others  1994,  Loveland  and  others  1993). 


5.  REFRENCES 

1.  Belward  A.  S.,  and  Loveland.  T.R.,  “Use  with  Remote  Sensor  Data”,  964,  The  IGBP-DIS  1-km  Land  Cover  Project: 
Remote  Sensing  in  Action.  Proceedings  of  the  21st  Annual  Conference  of  the  Remote  Sensing  Society,  Southampton, 
United  Kingdom.  1995. 

2.  Brown,  J.F.,  Loveland,  T.R.,  Merchant,  J.W.,  Reed,  B.C.,  and  Ohlen,  D.O.,  “Using  Multisource  Data  In  Global  Land 
Cover  Characterization:  Concepts,  Requirements  and  Methods”,  Photogrammetric  Engineering  and  Remote  Sensing 
1993, 

3.  Brown,  J.F.,  Reed,  B.C,  and  Huewe  L.,  “Advanced  Strategy  for  Multi-Source  Analysis  and  Visualization  in  Land  Cover 
Characterization,  Human  Interactions  with  the  Environment:  Perspectives  From  Space  Pecora  13. 

4.  Daughtry,  C.S.T.,  K.D.  Gallo,  and  M.E.  Bauer,  “Spectral  estimates  of  solar  radiation  intercepted  by  com  canopies”, 
AgRISTARS  Tech  Report  SR-PZ-04236,  Purdue  University,  West  Lafayette,  IN.,  1983. 

5.  Keeling,  C.  D.,  Chin,  J.  F.  S.  &  Whorf,  T.  P:,  “Increased  activity  of  northern  vegetation  inferred  from  atmospheric  C02 
measurements”,  Nature,  1996. 

6-  Loveland,  T.R.,  J.W.  Merchant,  D.O.  Ohlen,  J.F.  Brown,  “Development  of  a  land-cover  characteristics  data  base  for  the 
conterminous”,  U.S.  Photogrammetric  Engineering  and  Remote  Sensing,  1991. 

7.  Loveland,  T.R.,  Merchant,  J.W.,  Brown,  J.F.,  Ohlen,  D.O.,  Reed,  B.C.,  Olson,  P.,  and  Hutchinson,  J.,  “Seasonal  Land- 
Cover  Regions  of  the  United  States”,  Annals  of  the  Association  of  American  Geographers,  1995, 

8.  Reed,  B.C.,  J.F.  Brown,  D.  VanderZee,  T.R.  Loveland,  J.W.  Merchant,  and  D.O.  Ohlen,  “Measuring  phenological 
variability  from  satellite  imagery”.  Journal  of  Vegetation  Science,  1994. 

9.  Anderson,  J.R.,  Hardy,  E.E.,  Roach  J.T.,  and  Witmer  R.E.,  “A  Land  Use  and  Land  Cover  Classification  System  for 
T  u  cker”.  Remote  Sensing  of  Environment,  1976. 

10.  C.J.,  B.N.  Holben,  J.H.  Elgin,  Jr.,  and  J.E.  McMurtrey,  “Remote  sensing  of  total  dry-matter  accumulation  in  winter 
wheat”,  Remote  Sensing  of  Environment,  pp.  11:171-189,  1981. 


732 


Optoelectronic  associative  neural  network  for  some  graphical  patterns 

recognition 

loan  Heana®,  Ovidiu  Coraeliu  lancu’’ 

“‘‘1  Decembrie  1918  “  University,  Alba  lulia 
’’"Politehnica”  University,  Bucure§ti 

ABSTRACT 

This  paper  presents  an  autoassociative  memory  built  for  graphic  pattern  recognition.  The  network  was  designed  for  the  validation 
of  handwritten  signatures  from  bank  documents.  Neurons  interconnections  are  considered  to  be  implemented  opticalfy  by  computer 
generated  holograms  (CGH).  The  network  functioning  was  simulated  on  computer  and  the  paper  presents  die  results  of  simulations 
on  a  data  set  and  a  CGH  layout  for  neuron  interconnections. 

Keywords:  pattern  recognition,  artificial  neural  network,  autoassociative  memory,  computer  generated  hologram. 

1.  INTRODUCTION 

There  are,  in  human  society,  activity  areas  which  daily  imply  the  processing  of  a  huge  quantity  of  wntten  documents,  like  post 
services  and  bank  institutions.  Consequently,  the  automation  of  these  activities  is  very  important  and  there  is,  since  the  sixties,  a 
constant  interest  for  this  field.  The  main  problem  consist  in  die  extraction  and  then  in  the  recognition  of  certain  handwritten  herns 
from  a  typified  form.  There  are  many  references  ”  concerning  the  processing  of  financial  and  bank  documents. 

This  problem  belongs  to  the  larger  field  of  pattern  recognition  where  cursive  scr^t  is  only  a  particular  case.  Pattern  recogmtion  ^ 
been  attempted  with  maiq^  different  systems  and  algorithms®:  Fourier  transform,  matching  unknowns  against  templates  (including 
here  the  neural  approach).  Hidden  Markov  Models,  syntactic  pattern  recognition  etc. 

The  main  difficulty  in  automatic  handwriting  recognition  appears  due  to  the  fact  diat  cursive  script  is  veiy  unstable  in  which  shape 
and  quality  of  component  features  are  concerned.  The  complexity  of  recognition  depends  on  the  following  factors: 

-  the  acquisition  type  of  the  items  to  be  recognized  (on-line  or  off-line) 

-  the  type  and  qn^ty  of  the  handwriting  (words  in  separated  or  joined  characters) 

-  the  number  of  subjects  (one,  few,  many) 

-  the  size  of  the  used  vocabulary  (small-  up  to  100  words,  intermediate  - 100  to  500  words,  large  -  over  500  words). 

This  paper  approaches  a  limited  segment  of  bank  documents  handwriting  recognition,  namely  signature  recognition  and  validation. 
This  ^e  of  recognition  belongs,  accordii^  to  previous  considerations,  to  the  ofi-line  mode,  with  many  subjects  and  large  vocabulary 
(notifiying  that,  instead  of  words,  we  use  graphic  patterns  representing  signatures).  The  main  requests  to  such  a  recognition  system 
are : 

-the  recognition  of  authentic  signatures,  uninfluenced  by  the  variableness  of  their  aspect 

-the  rejectiOTi  of  forgeries.  From  the  point  of  view  of  error  costs,  accepting  a  false  signature  can  cause  more  damage  then 
rejecting  an  audientic  one. 


In  order  to  recognize  signatures,  we  used  an  autoassociative  memory,  synthesized  basing  on  a  certain  numl^  of  original  signatures 
(prototypes).  We  have  considered  that  the  signatures  to  be  reeognized  are  su^ipUed  to  the  network,  so  that  it  doesn’t  have  to  ext^t 
these  items  from  the  documents  (for  this  extraction,  the  model  described  in  can  be  used). 

Section  2  presents  the  model  of  flie  used  neuronal  network,  and  section  3  describes  an  optical  interconnection  of  neuro^  throng 
a  computer  generated  hologram  (CGH).  Section  4  shows  the  simulation  results,  predictable  difficulties  and  approaches  in  order  to 
overcome  these  difficulties. 
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2.  THE  ARTIFICIAL  NEURAL  NETWORK  MODEL 

In  tiiis  section  we'll  briefly  introduce  the  main  theoretical  elements  concerning  associative  memories  and  recurrent  neural  networks, 
elements  that  will  be  used  in  section  4  in  order  to  built  an  associative  memory  for  signature  recognition. 

We'll  call  'pattern'  a  multidimensional  vector  with  real  components.  An  associative  memory  is  a  system  that  accomplishes  the 
association  ofp  pattern  pairs  (p=l,  2,...,  p)  so  thatwhenthe  system  is  given  anew  vector  xeR“such  as 

d(  = min  (i) 

j 

the  system  responds  with  in  (1)  d(a,b)  is  the  distance  between  patterns  a  and  b. 

The  pairs  (§*,  ^),  (i=  1,2,...  p)  are  called  prototypes  and  the  association  accomplished  by  the  memory  can  be  defined  as  a 
transformation  O:  R”  x  R”  so  fliat  ). 

The  space  £2  c  R”  of  input  vectors  x  is  named  configuration  space  and  the  vectors  (i=l, 2,.. .,p)  are  called  attractors  or  stable 
points.  Around  each  attractor,  there  is  a  basin  of  attraction  Bi  such  that  V  x  e  B;,  the  dynamics  of  the  network  will  lead  to  the 
stabilizatian  of  ?)  pair.  For  the  autoassociative  memory  4"  =  (i=  1 ,2, ...  ,p)  and  if  some  vector  X  is  nearest  then 

0(x)=^\ 


In  section  4  we  will  use  for  graphic  pattern  recognition  a  neural  network  whose  model  is  presented  below.  Let’s  consider  die  single¬ 
layer  neural  network  built  from  totally  connected  neurons,  whose  states  are  given  by  Xj  0  {-1,1 },  i=l,2,...  n,  (Fig.l). 


ik  jk  nk 


Fig.  1  Single  layer  recurrent  neural  network 

We  denote:  W=[Wij,:  1<  i,  n]  fhewei^ts  matrix 

0=[Oi, ...»  OJ^e  R“  the  thresholds  vector 
x(t>=[xi(t),  ...x^(t)]^6  {-1,1}“  the  network  state  vector 
The  evolution  in  time  of  the  networic  is  described  by  the  following  dynamic  equation^: 

n 

Xi(t  +  i;  =  sgn[J^WyXj(t)-0j  i  =  7,2,...,«  (2) 

J=2 

witii  the  convention: 


\^ere: 


2 Wij Xj -0i-O,  Xi(t  + 1)  =  Xi(t) 


(3) 
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(4) 


sgn(x)  =  { 


lifx>0 

-lifx<0 


Notes: 

1  .We  may  consider  networks  where  the  neurons'  state 
representations  can  be  easily  found 


is  not  b^olar:  {-1,1 },  but  binary:  {0,1 }.  A  relation  between  the  two 


ni(t  +  V  =  H['^wijnj  (t)  -  Oil  ^  ~ 

j=i 


(5) 


where  rij,  H(x)  are  the  neurons  outputs,  respectively  the  Heaviside  function,  and  for  the  thresholds  we  find: 


= 

2.  In  many  situations  we  may  give  up  the  neural  network  threshold  0i  and  we'll  do  this  whenever  it  doesn't  affect  the 

results. 

For  die  autoassociative  memory  described  in  tins  paper,  the  weight  matrix  W  will  be  built  as  follows. 

Given  a  set  of  n-dimensional  prototype  vectors  X=[|S  4^,...,  ],  we  establish  the  synaptic  matrix  W  and  the  direshold  vector  0, 

so  that  the  prototype  vectors  become  stable  points  for  the  associative  memory,  that  is: 

^‘  =  sgn(W(^'-^)i  =  l,2,...,p  (7) 

where  the  sgn  function  is  applied  to  each  component  of  the  argument. 

Several  classical  rules  for  determining  die  weights  matrix  proved  successful  in  time: 

•  die  'Hebb'  rule 

•  the  projection  rule 

•  the  delta  projection  rule  (the  gradient  method) 

3.  THE  OPTICAL  INTERCONNECTION  OF  THE  NEURONS 
IN  THE  AUTOASSOCIATIVE  NETWORK 

Due  to  the  fact  that  the  neural  network  presented  in  this  paper  is  destined  to  the  recognition  of  2D  images,  it  was  eonceived  for  an 
optoelectronic  implementation,  using  as  processing  elements  laser  diodes  (DL)  and  photodetectors  (PD)  and  for  synaptic  signal 
transmission,  optical  connections. 

Optical  interconnections  are  useful  for  neural  network  as  far  as  one  can  take  advantage  of  the  special  potential  of  3D  connection 
flnough  fiee  space.  This  involves  die  organizing  of  the  neurons  layer  in  2D  configurations  (planar),  where  the  optical 
interconnections  realise  the  desired  links  between  the  two  planes.  Such  a  connection  also  materialises  the  synaptic  wei^t 
corresponding  to  neuron  j  fi:om  the  input  plane  and  the  neuron  i  from  output  plane  (Fig.  2). 

The  intercormection  network  accomplishes  the  following  function: 

J3(k,l)-i:cc(iJ)*Tm  (8) 

if 

In  order  to  connect  the  two  neuron  planes  one  may  use  conq)uter  generated  holograms  which,  by  light  waves  diffraction,  assure  the 
desired  connections.  Due  to  die  fact  that  generally  the  connections  differ  from  neuron  to  neuron,  the  interconnection  system  will  be 
a  spatial  variant  ^stem,  each  point  from  die  input  plane  being  connected  dififerendy  to  the  output  plane.  This  spatial  variance  can 
be  realised  in  several  maimers. 
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The  reference^  saggests  an  optoelectronic  neural  network  where  spatial  variance  is  assured  by  attaching  to  every  neuron  output  (in 
the  input  plane)  a  hologram  that  stores  all  the  connections  between  this  ou^ut  and  the  other  neurons'  inputs. 


Input  plane 

(Photonic  generators  or  Optical  interconnection  network 


Output  plane  (Photodetectors) 


Fig.  2  Optical  interconnection  of  two  neural  planes 


In  order  to  use  CG5I  for  neural  interconnections  we  have  considered  the  case  described  in  the  above  reference,  using  one  hologram 
for  each  neuron.  The  neurons  are  disposed  in  a  2D  grid,  and  different  planes  are  considered  for  input  and  output.  The  hologram  for 
ij  neuron  was  synthesised  starting  from  the  calculated  synaptic  weights,  including  all  the  weights  of  the  coimections  between  the  ij 
neuron  and  die  others.  The  hologram  generation  process  is  illustrated  for  a  single  neuron,  the  whole  hologram  containing  a  number 
of  such  elementary  holograms  equal  to  the  number  of  neurons  in  the  recurrent  network. 


To  synthesise  a  Fourier  amplitude  hologram  we  started  from  the  synaptic  intercoimection  matrix  W,  from  which  we  selected  a 
column,  corresponding  to  die  connections  from  the  output  of  a  neuron  to  the  inputs  of  all  the  others.  We  organised  this  colunm  in 
a  2D  array,  corresponding  to  the  spatial  configuration  of  the  neurons,  The  wei^ts  w^  will  represent  the  amplitude  distribution  in 
die  ou^ut  plane  of  die  optical  system  (the  input  neuron  plane).  This  wei^ts  matrix  was  used  to  calculate  the  Fourier  transform.  The 
layout  of  the  obtained  CGH  is  ^own  in  Fig.  3. 


Fig.  3  Layout  example  of  a  CGH  obtained  by  “detour  phase”  method 

4.  EXPERIMENTAL  RESULTS 

In  die  followii^,  we  will  present  the  results  obtained  in  the  sofrware  simulation  of  an  associative  memory  of  discrete  autoconelator^^ 
(DA)  type,  implemented  with  neural  netwodcs  as  described  in  section  2.  The  DA  is  a  single  layer,  symmetric,  non-linear, 
autoassociative  network,  that  stores  binary  or  bipolar  patterns,  uses  for  recall  the  nearest  neighbour  criteria,  learns  off-line  and 
operates  in  discrete  time. 

In  order  to  synthetise  and  simulate  the  network,  we  developed  a  Turbo  Pascal  7.0  program,  that  ran  on  an  IBM  compatible  Pentium 
11/350.  The  software  simulator  is  very  easy  to  use  because  of  its  friendly  GUI. 
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For  flie  netwoik  training  we  used  a  set  of  eight  signatures  (Fig.  4),  as  prototypes.  We  used  fliis  rektively  smaU  number  of  prototyp^ 
because  we  intended  for  this  stage,  onty  an  investigation  of  the  viability  of  this  solution.  In  fact,  the  storing  edacity  of  the  n^ork 
is  much  higher  (hundreds  of  prototypes).  The  sipatures  were  represented  as  BitMap  (BMP)  files.  The  digitization  was  realised  by 
a  300  DPI  resolution  scanner.  In  a  real  application,  using  a  digital  camera  is  probably  more  efficient. 


Fig.  4  The  prototypes  used  to  build  die  associative  memory 

After  budding  the  netwoik  with  die  he^  of  specified  prototypes,  it  has  been  tested,  being  asked  to  recognize  several  types  of  images: 

L  Prototypes  affected  by  noise  signals  or  degraded  by  absence  of  a  certain  part  of  the  signature. 

b)  Signatures  of  the  same  persons,  generated  in  different  contexts  (having  more  or  less  significant  variations  from  the 
prototypes) 

c)  Images  representing  copies  of  the  original  signatures  (forgeries). 

The  results  we  obtained  are  exposed  in  the  following,  for  each  simulation  category. 

L  When  recognizing  noisy  or  incomplete  prototypes  die  memory  works  very  well,  some  results  being  shown  m  Fig, 
5  and 

b)  recognition  of  authentic  signatures  written  in  various  contexts  (having  therefore  a  certain  variableness)  has  also 

shown  a  good  fimetioning  of  the  network  (Fig.7).  1,1,41, 

c)  We  also  performed  a  number  of  simulations  having  as  input  data  forged  signatures-  written  by  persons,  other  than  me 
one  that  provided  the  prototype.  In  this  case  the  results  were  more  nuance.  Thus,  in  most  situations,  diose  ratries  weren’t 
recognize,  the  network  failing  in  a  stable  state  different  fiem  any  prototype.  There  were,  though,  situations  when  the 
network  r^gnized  as  auflientic  a  false  signature.  Some  ways  to  avoid  such  situations  will  be  discussed  below. 


Fig.  5  Prototypes  affected  by  30  %  noise  a)  and  the  recognition  result  b) 
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Fig.  6  Recognition  of  incomplete  prototypes 


5.  Conclusions 

The  present  paper  describes  the  using  of  neural  networks  for  recognizing  signatures  from  documents.  The  simulations  performed 
have  shown  that  such  a  system  can  be  viable,  but  we  also  noticed  several  complications  that  may  occur: 

L  In  our  simulation  we  represented  each  signature  as  a  32x32  pixels  array  (which  leads  to  a  features  vector  with 
1024  components  and  a  ~  10^  components  interconnection  matrix).  This  dimension  has  been  chose  because  of 
two  reasons:  the  size  of  the  memory  required  for  storing  synaptic  coimections  (9)"^,  and  the  computing  time 
required  for  network  stabilisation  (10). 


MRAM  =  4ri^  bytes 

(9) 

Trec’^0(  n^Nmedu) 

(10) 

where  Nmed  it  signifies  the  average  iterating  number  until  the  network  stabilises  to  an  attractor. 


It  is  obvious  that  using  finer  granulations  leads  to  a  more  accurate  representation  of  tiie  signature  structure,  therefore  to  a  better 
individualisation.  In  fig.  8.  we  show  the  same  signature  in  32x32  pixels  and  64x32  pixels  representation.  In  this  situation  it  will  be 
an  increase  in  the  number  of  neurons  and  in  the  number  of  synaptic  weights.  In  software  simulations  these  will  need  more  memory 
and  more  computing  time. 

n.  We  noticed  the  existence  of  a  contradiction  between  the  selectivity  of  the  network,  needed  in  order  to  reject  the 
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forgeries,  and  the  generality  of  the  recognition,  necessary  for  validation  of  various  original  signatures  with  slight  variations.  A 
possible  solution  could  be,  besides  increasing  the  dimension  of  features  vector,  to  use  as  prototypes  not  a  single  signature  but  an 
average  of  a  larger  number  of  original  signatures.  Also,  if  the  acquisition  of  signatures  were  on-line  one  could  use  the  pressure  and 
acceleration  informations  for  validation  of  authentic  signatures. 

ITT  It  is  possible  sometimes  that  there  are,  in  the  entry  set,  two  prototypes  so  resembling  one  to  the  other  ( in  t^s  of 
Hamming  distance)  that  authentic  samples  or  forgeries  of  a  signature  end  up  by  being  recognized  as  the  other.  We  consider  that 
this  anomaly  can  be  overcome,  in  a  practical  signature  recognition  system,  by  grouping  the  set  of  signatures  to  be  recognized  in 
subsets  whose  components  keep  among  them  a  specified  trrinimum  Hamr^g  distance.  Each  subset  will  then  have  its  own 
recognition  system.  The  recognition  system  can  drus  be  called  in  accordance  with  the  pattern  to  be  recognized. 
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Stabilisation  system  for  the  viewing  field  of  sighting  optical  devices 

installed  on  vehicles 
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ABSTRACT 

The  functioning  principles,  hardware  and  software  structures  are  presented,  and  on  this  basis,  the  essential  differences 
between  the  usual  optical  systems  at  which  the  sighting  direction  is  stabilised  and  an  optical  system  of  a  special  type  whose 
stabilised  element  is  its  viewing  field  are  brought  to  evidence.  The  principal  applications  these  optical  systems  with 
viewing  field  stabilised  by  using  of  some  referential  elements  of  inertial  type  can  have  are  also  presented.  In  those 
situations  in  which  is  oriented  upon  some  fixed  target  the  ISVFS  (the  Inertial  System  for  Viewing  Field  Stabilisation) 
presents  some  functioning  similarities  with  those  opto-electronic  devices  that  achieve  the  stabilisation  of  the  image: 
received  on  a  monitor  screen  by  “point  by  point”  analysis  of  this  image. 

Keywords:  Stabilised  sight,  sight  direction,  vieiving  field,  inertial  navigation  system,  gyroscopic  reference,  laser  telemetry 

1.  INTRODUCTION 

As  it  is  generally  known,  by  sighting  direction  stabilisation  of  some  optical  devices,  the  maintaining  at  a  constant  value  of 
this  direction  tilting  angles  in  respect  to  the  reference  inertial  space  is  ensuring.*  In  this  maimer,  the  inflnanrg  of  the 
angular  oscillations  of  the  carrying  vehicle  (airship,  terrestrial  or  marine  vehicle)  upon  the  image  received  the  observer 
is  eliminated.  In  such  an  image  are  taken  over  only  the  vehicle’s  linear  displacements  which  make  the  viewing  field  “to 
parade”  in  front  of  the  operator  in  tight  dependence  to  the  vehicle’s  displacement  speed.  In  contrast  with  these  sighting 
direction  stabilisation  systems  which  achieve,  as  was  mentioned  above,  the  decoupling  of  this  direction  firom  the  rotational 
movements  of  the  carrying  vehicle,  the  viewing  field  stabilisation  i^stem,  which  constitutes  the  object  of  this  report, 
ensures  the  independence  of  the  received  image  from  both  the  rotational  and  translational  movements  of  the  vehicle.  In 
this  manner,  in  the  moment  a  zone  of  “interest”  is  reaching,  the  proposed  i^stem  can  achieve  the  “fixation”  of  the  viewing 
field  iqxrn  the  respective  zone,  independently  to  the  feet  that  the  carrying  vehicle  continues  its  displacement  or,  in  the  case 
of  a  fight  airship,  effects  different  manoeuvres  for  avoiding  the  enemy  fire. 

The  functioning  of  a  such  viewing  field  stabilisation  system  is  basing  upon  that  that  at  the  entrance  of  the  numeric 
processor,  which  achieves  in  evasi-real  time  the  computing  of  the  general  stabilisation  function,  besirte  the  angular 
reference  signals  delivered  by  the  gyrometric  transducers  block  and  the  sighting  direction  orientation  signals  transmitted 
by  the  control  handle,  the  signals  that  represent  the  components  on  three  orthogonal  axes  of  the  vehicle’s  current 
displacement  is  applying  also;  this  displacement  at  its  turn  being  determined,  for  an  example,  by  means  of  an  inartial 
navigation  system  Moreover,  in  the  specialised  processor  must  be  introduced  also  the  value  of  distance  at  which  was 
situated  relative  to  the  vehicle,  in  the  moment  of  its  selection,  the  objective  sighted  in  the  centre  of  the  viewing  field,  value 
that  is  determinable  by  a  single  laser  ranging.^  However,  the  computing  program  of  the  system  permits  that  that  laser 
ranging  to  be  replaced  by  a  simple  operation  of  “resetting”  of  the  sitting  device  upon  the  selerted  objective,  by  a  mamwi 
command,  at  two  different  moments  of  time.  On  the  basis  of  this  data,  the  computing  program  ensures  the  elaboration  of 
the  control  signals  for  the  actuating  blocks  of  the  optical  element  fi^om  the  ^stem  entrance;  these  control  signals  have  the 
necessary  size  and  sense  for  the  above  mentioned  optical  element,  by  means  of  its  rotations,  to  maintain  unchanged  in  the 
operator’s  field  of  view,  the  terrain  zone  selected  by  this,  independently  fi'om  the  carrying  vehicle  manoeuvres. 

Such  a  stabilising  system  for  the  viewing  field,  (ISVFS  -  Inertial  System  for  Viewing  Field  Stabilisation),  can  find  itself  an 
immediate  application,  for  example,  in  the  fotogrammetric  recording  operations  of  the  terrain  and  in  those  that  offer  the 
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possibility  of  relief  perception  in  the  photo-interpretation  activities.  In  the  standard  mode,  to  obtain  the  necessary  in  there 
activities  stereoscopic  pairs  of  images,  two  video-cameras  are  using,  placed  on  the  same  carrying  vehicle,  at  a  ceitmn 
distance  one  from  another.  Since  this  distance  is  limited  by  the  size  of  the  respective  vehicle,  the  image  pairs  obtain^m 
this  manner,  as  a  rule,  do  not  assure  a  proper  locating  accuracy  for  the  more  far  situated  in  terrain  obje^ves.  This 
drawback  can  ehminatfi  if  the  proposed  st^ising  system  is  adopting;  this  system  has  &e  possib^ty  that  using  a  sm^e 
video-camera,  to  sight  and,  respectively,  to  record  the  same  terrain  objective,  in  two  different  moments  of  the 
displacement. 

This  viewing  field  stabilisation  function  is  certainly  remarkable  useful  also  for  some  applications  with  mihtary  character, 
in  the  “reconnaissance”  phase  and,  when  it  is  the  case,  for  some  objectives  of  interest  photographing.  In  the  fixed  targets 
case,  the  Inertial  System  for  Viewing  Field  Stabilisation  aSVFS)  can  find  itself  a  new  application  in  the  operation  of 
maintaining  an  illuminating  laser  beam  upon  the  respective  targets.  In  this  mode  it  is  possible  to  use  a  more  sinqile  laser 
illuminating  dcvice  that  is  not  equipped  with  its  own  automatic  tracking  system  of  the  target,  system  that  is  based  on  the 
reflected  by  the  target  laser  beam.  Certainly,  an  another  application  of  the  ISVFS  system  can  be  constituted  also  its 
direct  connection  to  the  orientation  mechanism  of  a  piece  of  artillery  which,  in  this  way,  can  be  automatically  maintained 
upon  the  selected  target,  aU  the  period  of  time  which  normally  is  necessary  for  its  distroyment,  independently  from  the 
carrying  airship  evolution. 

Concerning  the  mobile  target  one  can  say  that  the  “immobile”  maintaining  of  the  viewing  field  facilitates  in  a  great 
measure  also  the  discovering  and  the  “catching”  of  mobile  targets,  especially  for  those  systems  with  video-cameras  with 
automatic  tracking  whore  functioning  is  based  on  the  detection  of  the  mobile  elements  in  a  TV  unage  contained,  by 
numeric  processing  of  the  respective  image.  Related  to  this  one  must  emphasise  here  also  the  delimitation  that  exists 
between  the  inertial  systems  for  viewing  field  stabilisation  -  ISVFS  -  and  the  systems  with  automatic  tracking  based  on  the 
numeric  processing  of  the  digital  images. 

So  it  should  be  precised  that  in  the  case  that  the  initially  adopted  target  as  a  positional  reference  is  a  fixed  target,  the 
image  that  can  be  obtained  with  the  ISVFS  system  likens  to  that  deUvered  by  an  electronic  system  which  achieves  the 
stabilisation  of  the  image  received  on  a  monitor,  by  “point  by  point”  numeric  processing  of  that  image.  But  in  contrast 
with  the  electronic  system  for  the  stabilisation  of  the  image  from  a  monitor,  ISVFS  system  which  achieves  the  mertial 
stabilisation  of  the  viewing  field  can  be  applied  both  in  some  installations  that  assure  the  unage  visu^sation  on  an 
electronic  monitor  and  in  classic  optic-mech^c  installations  where  the  sighting  is  effected  through  eyepieces  with  glass 
lens. 

At  the  end,  it  should  be  also  added  that  the  viewing  field  inertial  stabilisation  constitutes  the  optimal  solution  when  it  is 
desiring  to  achieve  simultaneous  observation  of  many  targets  with  close  wei^t  in  respect  to  its  contrast  relative  to 
landscape,  the  distance  from  the  observer,  geometrical  dimensions  and  its  tactical  importance. 

Essential  between  the  two  stabilisation  systems  of  the  sighting  direction  and  viewing  field  respectively  will  be 

more  clear  ptnphacispd  after  the  following  presentation  of  the  functioning  principle  and  computing  algorithm  on  which 
the  functioning  of  each  of  there  systems  is  basing. 

2.  SIGHTING  DIRECTION  STABILISATION.  FUNCTIONING  PRINCIPLE  AND  THE 

COMPUTING  ALGORITHM. 

An  essential  constractive  peculiarity  of  the  stabilisation  systems  which  constitute  the  object  of  this  report  is  also  tlm^ 
hring  not  equipped  with  an  own  reference  inertial  element,  respectively,  in  this  case,  an  incorpora^  gyros^c  block,  ■ 
the  system  can  overtake  the  signals  that  represents  the  current  angular  values  of  the  carrying  vehicle  rotations,  finm  the 
gyroscopic  station  of  the  vehicle.  Such  system  configuration  is  commonly  known  as  “strap-down”.  In  the  flume  of  such  a 
grstem,  on  the  basis  of  both,  the  gyroscopic  station  delivered  signals  and  those  introduced  by  means  of  a  controle  handle 
connected  to  the  stabilisation  system,  a  built-in  computing  block  continuously  elaborates  and  transmits  to  some  actuator 
blocks  of  the  opto-mechanical  sighting  element  the  necessary  signals  to  ensure  the  rotation  of  this  element  with  respect  to 
three  of  its  reciprocally  perpendicular  axes,  with  the  angular  values  that  ensure  the  wished  stabihsation  mode  irrespective 
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of  the  distuibing  movements  of  the  carrying  vehicle.  By  means  of  the  controle  handle,  the  operator  can  effect,  the 
controlled  changing  of  the  stabilisation  direction,  with  a  continuously  variable  angular  speed.^ 

To  establish  now  the  computing  algorithm  on  which  the  viewing  direction  stabilising  function  is  basing  the  followings  will 
be  referred  also  to  the  Fig.  1  which  represent  the  vectors  diagram  defining  the  orientations  of  the  airship  direction  Av  and 
of  the  target  direction  T ,  with  respect  to  the  direction  N  of  the  local  magnetic  meridian  adopted  as  reference. 

As  results  also  from  the  vectorial  diagram  in  the  Fig.  1,  the  sighting  stabilised  system  is  brought  on  the  direction  on  which 
it  is  currently  orientated  as  a  result  of  the  rotations  made  by  the  carrying  airship  with  respect  to  an  inertial  reference 
system,  rotations  to  that  are  added  those  made  by  the  system  or  the  stabilised  element  itself  with  respect  to  the  airship.  The 
inertial  system  of  co-ordinates  adopted  as  reference  h^  the  origin  “  O  ”  bound  to  the  airship,  and  two  of  its  axes  di^sed 
in  the  horizontal  plane  of  the  site,  one  of  the  two  axes  being  oriented  along  the  local  direction  North  of  the  magnetic 
meridian. 


Fig.  1.  Diagram  of  the  vectors  defining  the  orientations  of  parameters  involved  in  the  stabilisation  system  functioning. 

Taking  into  consideration  the  current  orientations,  with  respect  to  the  north  direction  N  of  the  local  magnetic  mp-ridian 
adopted  as  reference,  presented  1^  the  flying  direction  Av  of  the  airship  and  by  the  direction  T  of  the  target  on  which  the 
sighting  element  is  oriented,  one  may  consider  that  the  airship  has  reached  its  current  direction  Av  by  a  series  of 

rotations  with  respect  to  the  reference  system,  as  follows: 

an  yaw  rotation  within  the  local  horizontal  plane  by  the  angle  T* ,  which  is  taken  as  positive  if  the  rotation  is  maHp 
clockwise  with  respect  to  the  N  direction  of  the  magnetic  meridian; 

a  pitch  rotation  within  the  local  vertical  plane  by  the  angle  © ,  which  is  taken  as  positive  if  the  rotation  is  niaHp 
towards  nadir  direction  with  respect  to  the  horizontal  plane; 

a  roll  rotation  aroimd  the  longitudinal  axis  of  the  airship  the  angle  d) ,  which  is  taken  as  positive  if  the  rotation 
coresponds  to  the  forwarding  rotation  of  a  right  screw  along  the  flying  direction. 

These  angles,  ,  ©  and  <1> ,  defined  in  the  above  presented  mode,  can  be  directly  determined  by  the  aid  of  the  gyroscopic 
equipment  of  the  airship.  This  equipment  can  consist  of  either  an  azimuth  and  elevation  gyroscopic  station  (CCV),  or  a 
gyrovertical  device  and  a  gyromagnetic  compass. 

To  reach  the  direction  T  of  the  target  starting  firom  the  direction  Av  of  the  airship,  the  sighting  ^stem  must  mgifp  in  its 
turn  three  rotations,  as  follows: 
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-  an  yaw  rotation  within  the  horizontal  plane  of  the  airship  by  an  angle  yr ,  which  is  taken  as  positive  if  the  orientation 
direction  of  the  stabilised  system  is  made  clockwise; 

-  a  pitch  rotation  within  a  vertical  plane  of  the  airship  by  an  angle  & ,  which  is  taken  as  positive  if  the  rotation  of  the 
sighting  direction  is  made  towards  nadir  direction; 

a  roll  rotation  around  the  orientation  direction  of  the  stabilised  system  by  an  angle  <p ,  which  is  taken  as  positive  if  the 
rotation  corresponds  to  the  forwarding  rotation  of  a  right  screw  along  the  sighting  direction. 

The  rotational  angles  y/,3wL6.<pofih&  stabilised  element  can  be  directly  determined  by  the  aid  of  some  rotational 
transducers  located  onto  the  corresponding  rotation  axes  of  the  sighting  system. 

On  the  other  hand  the  direction  T  of  the  target  can  be  defined  not  only  by  the  six  rotation  angles,  directly  measurable, 
,  © ,  <I> ,  y/ ,  &  and  tp ,  above  precised,  but  also  directly  by  three  absolute  angular  co-ordinates  corresponding  to  some 

hypothetical  rotations  of  the  sighting  direction,  starting  fi’om  N  reference  direction,  as  follows: 

an  azimuth  rotation  within  the  local  horizontal  plane  by  an  angle  'Vf ,  which  is  taken  as  positive  if  the  rotation  is 
made  clockwise  with  respect  to  the  reference  axis; 

an  elevation  rotation  within  a  local  vertical  (meridian)  plane  by  an  angle  ©y ,  which  is  taken  as  positive  if  the 
rotation  is  made  towards  nadir  direction; 

-  a  roll  rotation  by  an  angle  Oj  around  the  sighting  direction,  which  is  taken  as  positive  if  the  rotation  coresponds  to 
the  forwarding  rotation  of  a  ri^  screw  along  this  direction. 

Both,  these  imaginary  rotations  corresponding  to  the  three  absolute  angular  co-ordinates,  on  one  side,  and  the  six  real 
rotations  listed  above  (as  being  made  by  the  carrying  airship  and  the  sighting  ^stem,  respectively),  on  the  other  side,  by 
diffpiTT^nt  ways,  lead  from  the  N  reference  direction  towards  the  same  direction  T  of  the  target.  This  means  that  there  is  a 
perfect  equivalance  between  the  successive  transforms  that  the  co-ordinates  i^em  of  the  sighting  element  gets  throng 
on  of  the  two  aforementioned  w^s.  This  feet  can  be  expressed  in  a  synthetic  marmer  by  the  following  matridal 
equation: 


where  the  matrices  corresponding  to  each  rotation  of  the  co-ordinates  system  of  the  sighting  element  have  the  following 
e^q^nessions; 

[  cos.<4  sin.<4  O]  [cosS  0  -sinB|  |1  0  0  | 

(2) 


cos-^4 

sin^ 

0' 

cos5 

0 

“SinB 

‘1 

0 

0 

M= 

-sin^ 

cos^ 

0 

;  W= 

0 

1 

0 

;  [c]= 

0 

cosC 

sinC 

0 

0 

1 

sinB 

0 

oosB 

! 

0 

-smC 

cosC 

where  the  following  notations  have  been  used: 


A  for  parameters  '¥x,  T*  and  y/-, 

B  for  parameters  ©j ,  ©  and  & ; 

C  for  parameters  Of ,  O  and  y> . 

By  solving  the  matririal  equation  (1)  on  the  basis  of  the  known  values  of  six  of  the  parameters  that  enter  in  the  content  of 
this  equation,  the  values  of  the  other  three  parameters  can  be  determined.  So,  based  both  on  the  values  of  the  absolute 
angular  m-nrHinates  of  the  target,  ’P7 ,  ©f  and  Of ,  and  on  the  values  of  the  current  angles,  S' ,  ©  and  3> ,  dsscribing 
the  orientatitm  of  the  airship,  the  values  of  the  angular  rotations,  y/ ,  &  and  q) ,  can  be  determined.  As  was- mentioned 
before,  these  angular  rotations  must  be  effected  by  the  stabilisation  system  with  respect  to  the  airship  in  (»derle  ensure,  in 
every  moment,  the  maintaining  of  the  sighting  element  on  the  target  direction. 
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3.  VIEWING  FIELD  STABILISATION.  FUNCTIONING  PRINCIPLE  AND  COMPUTING 

ALGORITHM 

Sighting  device  functioning  in  the  viewing  field  stabilisation  regime,  -  ISVFS  - ,  involves  the  achievement  by  the  operator 
of  the  following  initialisation  phase; 

After  terrestrial  objective  selection,  in  the  moment  when,  by  control  handle  actuation,  the  operator  succeeded  its  framing 
in  the  sitting  device  collimator,  the  simultaneous  recording  of  the  relative  co-ordinates  of  the  target  is  affprting  These 
co-ordinates  are  determining,  in  respective  initially  moment  t  =  0,  the  sighting  device  in  respect  to  the  location  of  the 
airship: 

’Pj’o  -  azimuth  angular  co-ordinate  of  the  target,  measured  in  the  horizontal  plane  of  the  airship,  in  respect  to  the  North 
local  magnetic  meridian; 

-  elevation  angular  co-ordinate  of  the  target,  measured  in  its  vertical  plane  and  having  as  reference  the  horizontal 
plane  in  which  the  airship  is  situated; 

Aq  -  the  direct  distance  to  the  target  determined  Ity  laser  remote  ranging. 


Beginning  also  with  the  initial  moment  t  =  0,  the  airship  geographic  co-ordinates  values,  latitude  -  9?^^  and  inngiuiHp  . 

are  recording,  as  weU  its  flying  heights  -  h .  These  values  are  continuously  delivered  by  the  airship's  inertial 

navigation  system,  in  cvasi-real  time.  The  computing  algorithm  on  which  the  functioning  of  the  ISVFS  is  basing  contains 
three  principal  sequences; 

-  The  groiq)  of  relations  defining  the  target  relative  positioning  in  the  local  vertical  plane; 

-  The  group  of  relations  by  which  the  target  geographic  co-ordinates  are  computing; 

-  The  groiq)  of  relations  by  which  the  relative  to  air^p  target  angular  co-ordinate  are  computing. 

3.1.  Relations  for  the  target  positioning  in  the  local  vertical  plane. 

The  principal  angular  parameter  for  in  vertical  plane  positioning  of  the  sighted  terrestrial  target  is,  as  it  is  presenting  also 
in  Fig.  2,  the  angle  cr  between  the  R'  radius  of  the  terrestrial  sphere  in  the  point  T  where  the  sightprf  terrestrial  target  is 
located  and  the  direction  of  the  site  vertical  that  passes  both  through  the  C  centre  of  the  terrestrial  sphere  and  the  Av 
current  point  in  which  the  observing  airship  is  situated.  The  other  parameters  that  appear  in  the  schema  from  Fig.  2  are: 

R  -  terrestrial  sphere  average  radius; 

©7-  -  in  the  vertical  plane  inclination  angle  of  the  target  sighting  direction;  its  value  is  delivered  by  the  sighting  stahiligpH 
system; 

A  -  the  airship  flying  height  delivered  also  by  its  inertial  navigation  system; 

A  -  The  direct  distance  between  the  airship  and  the  target;  this  distance  can  be  measured  by  laser  remote  ranging. 

Consequently,  in  the  common  triangle  CAvT  from  the  Fig.  2,  the  values  of  two  sides,  R+h  and  A ,  as  well  the  value  of 
the  angle  &t  between  these  sides,  are  directly  measurable.  On  this  basis,  one  can  immediately  obtains  the  computing 

relations  for  the  angular  co-ordinate  a  and  for  the  target  absolute  height  R' ,  respectively.  For  the  sighting  initial 
moment,  t  =  0,  these  relations  have  the  following  form: 


tano-o  - 

R+hQ  -Aq  -sinSTj^ 

(3) 

and 

^,_Ao-cos©jj, 

(4) 

sino-Q 

or: 

(i? + An) -cos  ©7- 
R'-l - ^ ^ 

cos|p-o-©rj 

(5) 
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Fig.  2.  The  in  the  vertical  plane  of  the  terrestrial  target  T  position  relatively  to  the  airship  Av 

3.2.  Relations  for  the  target  angular  geographic  co-ordinates  computing. 

In  this  phase,  as  it  is  resulting  also  from  the  diagram  presented  in  Fig.  3,  the  target  angular  geographic  co-ordmates, 
tpj,  and  longitude  respectively,  can  be  computed  depending  both  on  the  target  relative  angular  co-ordinates, 

and  <To  respectively,  that  are  determined  in  respect  with  the  observing  airship  position  Avq  ,  in  the  initial  moment 
of  cigHring  and  on  the  latitude  and  longitude,  respectively,  of  this  airship  position.  The  last  two  co¬ 

ordinates  are  delivered  in  real  time  by  the  airship’s  inertial  navigation  system. 


Fig.  3  Diagram  for  the  target  geographic  co-ordinates  establishing. 

TherdFore,  in  the  common  triangle  NAvqT  traced  on  terrestrial  sphere  ftom  the  Fig.  3,  two  sides  represented  by  the  arcs  of 
the  R  radius  circle,  AMvq  =  90®  -q>Av^  and  TAvq  =  (Tq  respectively,  are  known,  as  well  the  an^e  between  these 
sides.  With  the  relations  of  the  trigonometry  on  sphere  one  can  determine  the  other  parameters  of  the  NAvqT  triangje, 
namely  the  angla  =  Ay  -  A^vo  of  the  longitude  differences,  as  well  the  other  side,  Nf  =  -<pt  ,  that  corresponds 
to  the  target  latitude.  So,  one  can  obtain: 
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sin ’Ft  -sino-n 
tanA;io  -  ^0  0 

cos^Javo  ‘COScto  -sinf>Avg  -sincro  •cos'Fj’^ 

(6) 

SO  that: 

^  =^Avo  . 

(7) 

and: 

sin  Co  -sin^T 

COSpj’  = - 2 -  . 

sinAy^  -cosA^y  -cos Ay  -sinA^y 

(8) 

33.  Relations  for  the  computing  of  the  target  current  angular  co-ordinates  in  respect  to  the  airship. 

The  last  sequence  of  this  algorithm  contains  the  group  of  relations  with  which  one  must  repeatedly  ralmlatpit  the  target 
angular  co-ordinates  in  respect  to  the  airship,  'Py  and  0  j’ ,  in  order  to,  on  these  values  basis,  to  achieve  the  continuously 
re-orientation  of  the  sighting  device  on  the  respective  target  direction,  in  conditions  in  which  the  airship  is  displacing  or 
effects  different  flight  manoeuvres.  To  establish  these  relations  one  must  refer  to  the  diagram  from  the  Fig.  4  in  which  on 
the  terrestrial  sphere  the  triangle  NAvT  is  traced. 


Fig.  4  Diagram  for  the  target  current  angular  co-ordinates  relative  to  airship  establishing. 


This  triangle  binds  the  current  position  Av  of  the  on  sphere  projection  of  the  airship  to  the  position  T  on  the  same  sphere 
of  the  sighted  target  and  to  the  geographic  north  .  In  this  triangle  two  sides,  one  constituted  by  the  arc  of  circle 

NAv  =  90® and  the  other  by  the  arc  of  circle  Nf  =  90®  ,  are  known,  as  well  the  angle  JSJi  between  these 

sides;  (the  current  geographic  co-ordinates  and  of  the  airship  are  delivered  in  real  time  by  its  inertial  navigation 
^stem,  and  the  geographic  co-ordinates,  q>f  and  Xj  of  the  target,  have  been  calculated  in  the  previous  sequence).  On 
this  basis,  with  the  equations  of  the  trigonometry  on  sphere  applied  to  the  triangle  NAvT ,  the  following  computing 
relations  for  both  the  angle  and  the  third  side,  the  a  arc  respectively,  are  est^Ushing: 


and: 

with: 


tan'Py^  = 


sin  AA*  cos 

cos^^y “Sin^^y  -cosAA-cos^y^ 


sinAA 

sma-— - cos^y’ 

sin'i^y’ 


AA  =  Ay»  —  A^y 


(9) 

(10) 

(11) 


To  establish  the  computing  expression,  also  for  the  angular  co-ordinate  ©r,  one  must  refer  again  to  the  diagram 

presented  in  the  Fig.  2,  respectively  to  the  plane  triangle  CAvT  .  For  this  once,  in  this  triangle  two  sides,  R+h  and  R' ,  as 
well  the  angle  c  between  these  sides,  are  known.  On  this  basis  one  can  obtain: 


R+h-R’-cos<y 

tan©7>  = - 

l?'-sin(T 


(12) 
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3.4.  Integration  of  the  computing  relations  in  the  general  algorithm  on  which  the  functioning  of  the  viewing 
field  stabilisation  system  (ISVFS)  is  basing. 

Further,  the  two  relative  angular  co-ordinate  values,  'Py  and  ©7 ,  of  the  terrestrial  target,  which  are  obtained  as  a  result 

of  passing  through  the  above  presented  computing  (ycle,  will  r^lace,  at  the  entrance  of  the  computing  ^stem  of  the 

•  • 

sighting  device,  the  initial  values  of  the  same  co-ordinates  obtained  by  time  integration  of  the  signals,  'Fr  and  ©r , 
delivered  the  control  handle  M.C.,  until  the  moment  of  target  framing  in  the  collimator. 

In  this  way,  on  the  basis  of  current  values,  'Fj  and  ©j ,  of  the  target  angular  co-ordinates,  the  “strap-down”  type  sighting 
systemisabletodetermine,  as  it  was  presented  in  the  paragraph  2  of  this  report,  the  angular  values  group,  y/ ,  &  and 

with  which  its  optical  elements  must  be  rotated  to  maintain  the  viewing  field  unchanged  in  the  collimator,  irrespective  of 
the  carrying  airship  evolution. 

The  closed  computing  cycle  that  includes  all  the  above  presented  operations  and  which  must  be  repeated  by  the  built-in 
numeric  processor,  with  a  high  enough  frequency  to  ensure  a  proper  quality  for  the  sighting  field  st^ilising  process,  is 
presented  in  the  block  schema  from  the  Fig.  5. 

4.  DETERMINATION  OF  THE  DISTANCE  BETWEEN  THE  AIRSHIP  AND  THE  TARGET  ON  TWO 

SUCCESSIVE  SIGHTINGS  BASIS 

As  it  is  resulting  from  the  presentation  of  the  viewing  field  stabilisation  system,  its  fimctioning  involves  the  determination 
of  the  initial  distance  between  the  sighted  terrestrial  target  and  the  observer.  But  it  can  happen  to  be  not  possible  to 
determinate  this  distance  hy  means  of  a  laser  measurement,  due  to  at  least  one  of  the  following  causes:  the  sighting  device 
is  not  equii^sed  also  with  a  laser  range  finder,  the  nature  of  sifted  objective  makes  that  the  laser  beam  reflected  by  this  to 
have  not  the  necessary  level  for  a  correct  distance  measurement  and  finally,  the  masking  necessity  against  the  hostile 
objective  does  not  allow  the  use  of  laser. 


Figure  6  Diagram  for  the  establishing  of  the  computing  relations  of  the  target  distance  from  the  airship 

However,  for  these  situations  exist  the  possibility,  as  alreadty  was  mentioned  in  the  introductory  paragraph  that  the 
(^termination  of  the  distance  between  the  airship  and  the  target  to  be  achieved  by  means  of  two  successive  si^ts  of  the 
target.  In  each  of  these  sightings  the  airship  geographic  co-ordinates,  and  ,  as  well  the  target  relative  angular  co¬ 
ordinates,  'Ft’  and  ©7 ,  are  marked  In  order  to  establish  the  relations  by  means  which,  on  the  basis  of  the  above 
mentioned  parameters,  one  can  compute  the  target  distance  A ,  it  is  necessary  to  make  reference  to  the  diagram  of 
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triangulation  on  the  tenestrial  sphere  surface  from  the  Fig.  6  in  which  the  two  successive  airship  positions,  Avi  and  Av2 , 
and  fixed  target  position  T ,  are  marked. 

To  establish  the  computing  relations  of  the  distance  it  is  necessary  to  pass  successively  through  the  following  phases: 

a.  *  In  a  first  phase  one  is  making  reference  to  the  triangle  .<4vQA!i4vj  traced  on  the  terrestrial  sphere  surfece;  in  this 
triangle  two  sides  NAvq  =q>Ava  -^Avo  =  90°  -  .  as  well  the  angle  AA  =  A^v,-^^vo 

between  the  two  sides,  are  known. 


On  this  basis  and  1^  means  of  the  equations  of  the  trigonometry  on  sphere  one  can  compute  the  two  other  angles  of  this 
trianglft  -  the  angle  a  with  the  tip  in  the  point  and  the  angle  p  with  the  tip  in  the  point  Avi  -,  as  well  the  third 


side,  S  =  ^vg^vi : 


tana  = 


sinA/l'COS^^;^ 

cos9>^vj  -sin«?^vo  -cos^J^vi  -cosAA 


(13) 


(14) 

(15) 


b.  -  In  the  following  phase  one  is  passing  to  the  triangle  .<4voK4vi  that  is  traced  also  in  the  diagram  from  the  Fig.  6  on  the 
terrestrial  ^here  surfece;  in  this  triangle,  two  an^es,  reiqrectively  the  angle  "a  -  "  with  its  tip  in  the  point  Avq  and 

the  angif^  + 'Ffi "  with  its  tip  in  the  point  Av^ ,  as  well  the  side  S  =  ^vq^vi  commune  to  these  angles,  are  known.  For 

this  configuration,  the  equations  of  trigonometry  on  sphere  permit  to  obtain  the  following  computing  relation  for  the  side 
represented  by  the  relative  angular  co-ordinate  o-q  of  the  target; 

(16) 


tanoTn  =- 


sin(^  +  ^2i)-sin^  _ 

-  'Fj’ii  )■  cos(ff + )+  cos^  -  'Ptjj  )•  sin^ff  +  'Ftj  )•  cos  <5 


This  last  expression  obtained  for  the  angular  co-ordinate  <jq  can  replace  in  this  case  the  relation  (3)  with  which  the  co¬ 
ordinate  cq  is  computing  in  function  of  the  distance  Ag  obtained  ly  laser  remote  ranging.  In  the  fiume  of  the  general 
cninpiiting  algorithm  of  the  ^stem,  for  the  situation  in  which  this  system  is  not  equipped  with  a  laser  remote  ranger,  the 
relation  (3)  is  replaced  ly  (13),  (14),  (15)  and  (16)  group  of  relations. 


c.  -  For  the  appbcatifins  in  which  it  is  necessary  to  know  also  the  distance  value  to  the  target,  this  can  be  obtained  now 
from  the  relation  (3)  depending  on  the  angular  co-ordinate  cq  whose  value  is  given  ly  the  relation  (16): 
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4.  CONCLUSIONS 


An  optical  device  which  is  equipped  with  an  usual  gyroscopic  system  for  stabilisation  of  its  sighting  direction  and  for  the 
goniometiy  of  the  sighted  target  can  be  transformed  in  a  sighting  system  whose  stabilised  element  is  for  this  once  its 
viewing  field  selected  in  an  initial  moment.  To  do  this  the  including  of  the  respective  optical  device  in  a  closed  control 
drciut  is  necessary;  in  this  circuit  a  micro-processor  is  delivering,  with  a  cadence  corresponding  to  the  respective 
application  necessity,  the  successive  values  of  the  target  angular  co-ordinates  relative  to  the  observing  vehicle,  in 
conditions  in  which  this  is  displacing  or  effects  different  manoeuvres.  These  values  of  the  target  relative  co-ordinates, 
which  are  continuously  variable,  under  the  form  of  some  controlling  electrical  signals,  are  applying  to  the 
electromechanical  actuators  which  achieves  the  rotation  of  the  mobile  optical  elements  of  the  sighting  device  in  the 
necessary  mode  to  ensure  the  stabilising  type  presented  here. 

Besiks  of  the  optical  sighting  device,  of  its  stabilising  and  goniometring  system,  another  essential  element  of  the  above 
mentioned  controlling  circuit  is  constituted  by  the  inertial  navigation  system  (INS)  which  is  used  here  to  deliver  in  a 
continous  manner  the  data  reffering  to  the  displacement  of  the  observing  vehicle.  To  be  able  to  achieve  this,  as  it  is 
resulting  fi-om  the  general  schema  of  the  stabilising  tystem  presented  in  the  Fig.  5,  besides  the  signals  received  flem  its 
accelerometric  block,  the  INS  system  overtakes  also  the  reference  gyroscopic  signals  delivered  by  the  hpiaHing  and  vertical 
central  (CCV)  of  the  carrying  vehicle,  central  to  which  is  also  directly  connected  the  sighting  stabilised  device®. 

Finally,  it  is  mentioning  also  that  to  (ktermine  the  observing  vehicle  displacement  one  is  not  resorting  to  the  satellitary 
tystem  of  the  global  positioning  (GPS),  although  this  system  is  able  to  deliver  at  a  higher  precision  level,  the  absolute 
values  of  the  position  co-ordinates  of  the  vehicle.  The  motive  of  this  option  is  that  that  the  cadence  of  one  ni<i»amrfnifnt  per 
second  generally  ensured  Ity  the  GPS  tystem  is  not  satisfactory  for  the  most  of  the  applications  of  the  stabilised  sighting 
system  for  which  the  continuous  fluxes  of  relative  positioning  data  delivered  by  the  inertial  navigation  systems  are 
preferable. 
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ABSTRACT 

This  paper  studies  the  influence  of  radiation  thermometer  optical  system  properties  on  the  total  radiating  energy  upon  an 
optoelectronic  detection  device  when  the  measuring  distance  is  variable.  The  first  part  is  a  brief  analysis  of  characteristics  of 
concentrating  infi:ared  radiation  through  the  thermometer  objective.  The  sources  used  are  smaller,  larger  or  equal  than  the 
detection  device  field  of  view.  When  using  the  equal  sources,  the  specific  shape  of  the  measuring  area  was  taken  into 
account,  and  included  in  the  total  field  of  view  (the  measuring  area  upon  background).  Catoptric  objective  (Cassegrain 
assembly)  was  used.  In  addition,  this  paper  presents  the  main  error  sources  on  concentrating  IR  radiation  on  the  detection 
device  in  following  conditions:  the  calibration  is  performed  at  a  finite  and  infinite  distance,  the  radiation  source  is  assumed  to 
be  perfectly  Lambertian  and  the  objective  is  catoptric  (using  a  central  diaphragm). 

Keywords:  Infrared,  temperature  measurements,  optics  systems. 


1.  RADIATION  COLLECTION 


An  infrared  thermometer  has  4  component  functional  modules,  encased  in  a  box:  an  optical  module  (collects  IR  radiation  in 
specific  wavelength),  a  detection  module  (detection  and  conversion  of  passive  IR  radiation  emitted  in  the  measurable 
spectrum),  an  electronic  module  (amplification,  processing,  recording  and  display  of  data  received  firom  the  detection 
module)  and  a  power  supply  module.  This  paper  studies  the  influence  of  the  optical  module  characteristics  upon  the 
thermometer  performance. 


In  order  to  obtain  the  maximum  power  (energy)  value  for  the  radiating  source,  the  detector  1  must  be  situated  at  a  distance 
from  this,  which  can  be  calculated  using  the  following  formula'  (see  Fig.  1  and  Fig.2): 


L-fo, 

L-L, 


(1) 


q 


where  L  -  distance  to  object  plane  3  and  fob  -  focal  lengh  of  objective  2  of  the  thermometer. 


Temperature  measurements  using  a  device  calibrated  for  a  image  distance  L  =  Lq  leads  to  errors  when  L  ^  Lo  because  the 
maxim  radiant  energy  will  not  fall  on  the  detector,  but  either  in  front  or  behind  it.  The  relationship  between  this  offset  and  the 
distance  (L)  can  be  described  as  follows: 

^  fob  (2) 

dL 
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Fig.l  Optical  data  of  a  radiation  thermometer 


Fig.2  Diagram  of  image  distance  variation  related 
to  the  change  of  the  L  object  distance 


1.1.  Objective  influence 


Let  us  consider  a  simple  optical  system  consisting  of  an  objective  (with  entrance  pupil  area  Aob  focal  length  of  fot,  and  a 
diameter  Dob)  2nd  a  detection  element  (having  a  useful  sensitive  surface  area  Ad).  Let  us  assume  that  source  S  (with  a  surface 
area  A)  is  located  at  a  large  distance  L  facing  the  objective,  and  its  image  is  in  the  focal  plane  where  the  detection  element  is 
located.  The  radiant  flux  Q  falling  onto  the  detection  element  from  source  S  can  be  calculated  using  the  following  formula^: 


Q  = 


(3) 


when  object  (source)  S  is  smaller  than  the  visual  field  of  the  detection  element,  or,  when  object  (soiuce)  S  is  larger  than  the 
visual  field  of  the  detection  element,  by  the  following  relationship: 


Q  =  W-(d-A^i,  = 


W- A. -A. 


ob 


fob 


(4) 


1.2  .Radiation  collection  using  dioptric  objectives 


In  order  to  simplify,  we  assumed  that  radiant  emitancet  from  the  object  field  can  be  derived  form  Stefan-Boltzamans  law. 

In  addition,  we  considered  that,  since  the  targeted  object  is  at  a  large  enough  distance  from  the  detector,  the  distance  L 
between  the  detector  and  the  object  can  be  approximated  as  being  equal  with  that  to  background. 


Based  on  the  above  assumptions,  q,  the  distance  between  the  detector  and  the  objective,  can  be  calculated  using  the  following 
formula  (1);  the  image  D,  located  in  the  object  plane  of  a  detection  element  with  a  size  Dd  can  be  expressed  as  follows: 


D  = 


fob 


(5) 


If  L»/ob  ,  obviously  q  =/ob. 

But  D  can  be  much  more  accurately  calculated  using  the  following  relationships  ^ 


if  Lo  <  L,  and 


£)  =  (^?*  +£±.).l- 

Lo  fob 


D. 


ob 


(6) 


Fig.3  Diagram  for  variation  of  the  D  object  field  related  to  the  change  of  the  L  distance 
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The  following  is  a  presentation  of  3  extreme  cases: 

-  The  total  visual  field  a  of  the  detection  element  is  smaller  than  the  measured  field 

-  The  total  visual  field  oc  of  the  detection  element  is  larger  dian  the  measured  field 

-  The  total  visual  field  a  of  the  detection  element  is  equal  to  or  smaller  than  the  measured  field,  but  the  latter  has  distinctive 

shape,  and  a  part  of  the  background  remains  visible.  j  •  j  j 

To  easy  understanding  of  the  energetic  phenomena,  the  objective  is  represented  as  a  simple  lens,  and  the  fields  are  considered 

for  beginning,  as  a  circular  shape. 

1.2.1  The  total  visual  Held  ct  of  the  detection  element  is  smaller  than  the  measured  field 

The  radiance  received  by  the  objective  (W),  and  forwarded  to  the  detector  (Wd)  can  be  calculated  as  follows^ 

yy  =  -^Ib -Dd  (8) 


= - - - ; - 

with  “d”  stands  for  “detector”;  therefore  we  can  rewrite  the  expression  as  follows: 


Based  on  the  Stefan-Boltzman  law  assumption: 


16 -//i 


L^rr  —  - 

16-/„6 

Moreover,  if  we  assume  the  size  of  the  detection  element  to  be  u  and  6: 


1.2.2  The  total  visual  field  a  of  the  detection  element  is  larger  than  the  measured  field 

The  initial  assumption  is  that  upon  the  detector  falls  radiation  exclusively  from  background  and  visual  field  of  the  detector  is 
smaller  than  the  measure  field,  therefore:  ^ 

The  irradiance  of  the  objective  by  the  background  (Wf)  can  be  expressed  : 

^  ' '^ob  'O' ' £f  'Tj-  ■  Dgi,  •  Dd 

16 -/i 

The  objective  radiation  towards  the  detector  (Wj)  can  be  expressed: 

2  '7'  ^ 

JY  —  ^  '  '^ob  '  ^ '^d  '  ^ob  ‘  (14) 

""  16-/<?6 

The  net  radiance  of  the  detector  (W<j)  -  when  it  visualises  the  screen  only,  can  be  expressed: 


AfV  =  W^  -Wj  = 


-T^ob  ■(^■Plb-PdiT^a  -g/  -T/  -Ed  -Td) 

16 -//i 


In  a  combined  situation,  object  —  screen,  combining  the  above  relationships  (12  —  15)  can  derive  the  net  detector  radiation. 

AW  ^/ )  (16) 

16 -/oi 

A  particularly  interesting  situation  is  when  the  temperature  of  the  object  field  (T)  is  close  to  that  of  the  background  (Tf);  in 
such  an  instance,  since  T  «  Tf 

+  t}){T  +  Tf)(J  -  Tf)  (17) 
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and  by  assuming 

7^  +T-Tj  «2T^;T  +  Tj-  <»2T;T-Tf  «  KT 

we  get  -  Tf  X  AT  ■  AT  and: 


st-  SfTf  =  S  (f-  Tf)  +  Tf(8  - 
Substituting  these  values  in  the  (3.11)  relationship,  the  following  result  is  obtained: 

^W(T«  7})  =  n:-  r„  z  <7  dJdt  (4s  f  At  +  Asf/16fJ 

where  AS  —  S-  Sf 

Assuming  that  AT  >  1®C  and  8  »  Sf 


AW{T  »  Tf) 

This  way  we  can  rewrite  Stefan  -  Boltzmans  law  hypothesis: 


^^■ra-T„h-7-Dob-Dd-£-T^-^T 


AW(T  «  Tf)  ■■ 


^  '^a  '  ^ob  '  ^ob ' ^ 


and  if  we  assume  the  size  of  the  detection  element  to  be  a  x  i 


AW{T  ~  Tf)  = 


■Zg-Tob-Dlb-a-b-W -AT 
T-fo\ 


(18) 


(19) 


(20) 


(21) 


1.2.3  The  total  visual  field  a  of  the  detection  element  is  equal  to  or  smaller  than  the  measured  field,  but  the  latter 
has  distinctive  shape,  and  a  part  of  the  detecting  area  remains  visible 

In  this  situation  the  image  of  the  measured  field  does  not  cover  completely  the  whole  sensitive  area  of  the  detection  element, 
therefore,  one  must  derive  the  surface  area  of  the  screen  and  the  object  field  image  on  the  detection  element^. 


-  the  surface  area  of  the  object  field  image: 


.  ^'fob 


•  the  surface  area  of  the  screen: 


^  a-b-l}  , 
- ^  -  A  or - r - A 


4-/oi 


fob 


(the  latter  one  assuming  the  radiating  surface  area  to  be  A-a-b) 
Through  a  similar  reasoning: 


1.3  Radiation  collection  using  catoptric  objectives 


^{W -Wf)^A>D^ 


ob 


4’L^ 


(22) 


In  catoptric  systems,  the  secondary  mirrors  (diameter  Dj)  blocks  the  radiation  in  the  central  portion;  therefore  the  radiation 
reaching  the  primary  mirror  (Dp)  has  the  aspect  of  a  corona  (missing  the  central  area).  In  such  an  instance,  the  radiation 
reaching  the  sensitive  portion  of  the  detection  module  is  weaker  when  compared  to  diopric  systems,  where  this  obscuring  of 
the  central  portion  does  not  occur.  A  second  disadvantage  is  due  to  the  angular  variation  of  the  intensity  of  the  incoming 
radiation;  in  the  case  o  a  Lambertian  source,  this  variation  is  easily  measurable,  but  in  the  case  of  a  specular  source,  it  is 
impossible  to  quantify. 


The  missing  portion  surface  area  in  the  radiation  reaching  the  primary  mirror  is  directly  proportional  to  the  distance  between 
the  object  and  the  objective.  A  correction  coefficient  Ki  must  be  used  for  the  radiance  onto  the  detector"^: 


D 


2 

S 


such  that  the  detection  element  radiance  becomes: 


Dl-D] 


(23) 
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AW=  AW(1-K,) 


(24) 


Fig.4  Diagram  for  variation  of  Ki  correction  coefficient  related  to  the  change  of  object 
distance  in  the  case  of  the  obstruction  of  the  primary  mirror 


The  correction  coefficient  (K)  expresses  the  total  error  and  has  a  different  value  for: 

-  dioptric  systems 

K=Ko-Ki 

-  catoptric  systems 

K  =  Ko-K,-K2 

This  will  generate  a  shape  such  the  one  in  Fig.  5. 


L 


(25) 

(26) 


Fig.5  Diagram  for  variation  of  K  total  correction  coefficient  related  to  the  change  of  L  object  distance 


2.  MAIN  ERROR  SOURCES  ENCOUNTERED  IN  IR  COLLECTION 

If  the  calibration  is  performed  on  a  determined  distance  Lo,  while  the  source  is  located  at  a  distance  L  ^  Lq,  the  power  of  the 
collected  radiation  varies  with  a  coefficient  derived  from  the  following  formula:  KO  !  Oqj  derived  from  (29)  (see  Fig.6), 
where: 

<I>  -  the  collected  power  of  the  radiation  when  the  source  is  at  a  distance  L 
$  -  the  collected  power  of  the  radiation  when  the  source  is  at  the  Lq  calibrating  distance 

^  (27) 


Fig.6  Diagram  for  variation  of  Ko  correction  coefficient  of  the  power  captured  by  the  detector 
related  to  the  chanced  of  L  object  distance 


Ideally,  Ko  should  be  independent  of  the  distance  L. 
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The  (26)  and  (27)  relationships  are  true  only  when  the  size  of  the  radiating  surface  is  larger  than  the  surface  covered  by  the 
visual  field  corresponding  to  the  detection  element. 

It  is  also  interesting  to  notice  that,  if  the  calibration  is  performed  using  Lq  =  oo ,  the  detector  will  receive  less  energy  and  the 
measured  temperature  will  be  less  than  the  real  temperature.  Actually,  as  L  increases  when  compared  to  Lq,  Kq  (the  error 
coefficient)  is  larger.  Even  if  the  source  is  perfectly  Lambertian  (no  reflections,  completely  diffused  in  all  directions  in  a 
umform  manner),  by  the  variation  of  the  distance  L,  the  objective  receives  a  modified  radiation  since  the  diffusion  angles 
vary  by  distance.  The  total  influence  is  expressed  as  K2,  from  (27):  (see  Fig.  7) 


^2  = 


cos [2  arcsin  — — — 1  -  cos  [2  arcsin  ^^1 

IjL-lsY  2L^ 

Dr  Dp 

4cos[arcsin - ^ - 1  -  cos[arcsin-^l 

2(1 ->/,)'  2L^ 


(28) 


Fig.7  Diagram  for  variation  of  K2  correction  coefficient  dependent  on  the  source  type 
related  to  the  change  of  L  object  distance 


3.  EXAMPLES  REGARDING  SPECIFICS  OF  THE  MAIN  ERRORS  ANALYSED  FOR  DISCRETE 

VALUES  OF  CERTAIN  OPTICAL  SYSTEMS 


Tab.l  shows  variation  by  distance  L  of  the  image  plane  (dq/dL),  of  the  collected  power  (Kq)  by  the  detector,  the  reduction  in 
the  optical  signal  due  to  the  secondary  mirror  (Ki)  as  well  as  the  variation  by  source  type  (K2).  The  starting  points  were  Dp  = 
50  mm,  Ds  =  22  mm,  Ig  ^  7  mm,  fob  =  90  mm,  Lq  =  400  mm. 


Tab.l  Influence  of  the  L  distance  on  some  optoelectronical  parameters 


Lfm! 

0,2 

EE^Hli 

0,6 

0,8 

1 

1,2 

1,4 

1,6 

1,8 

2 

dq/dLr%l 

66,9 

4,8 

2,2 

1,2 

0,8 

0,6 

0,4 

0,3 

0,2 

0,1 

Ko 

0,5 

1 

1,2 

1,31 

1,38 

1,42 

1,46 

1,48 

1,50 

1,52 

K, 

0,98 

0,99 

1 

1 

1 

1 

1 

1 

1 

1 

K2 

0,56 

0,53 

0,52 

0,52 

0,51 

0,51 

0,51 

0,51 

4.  CONCLUSIONS 

1.  The  main  error  sources  in  collecting  radiation  by  an  IR  thermometer  are: 

-  the  measuring  distances  are  different  from  the  calibration  distance; 

-measuring  areas  that  are  smaller  than  the  visual  field  of  the  instrument; 

-incoordination  between  real  measuring  source  and  Lambertian  emission  source  (black  body  standard)  on  the  basis  of 
which  the  calibration  is  performed. 

2.  Using  improved  software  for  processing  data  from  the  electronic  module  leads  to  an  increased  precision  measurement. 
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ABSTRACT 

This  paper  presents  our  work  to  determine  the  effects  produced  by  low  energy  laser  radiation  on  the  metabolism  and  growth 
of  a  ye^  (Saccharomyces  ellipsoideus)  cell  suspension.  As  ejqrerimental  material,  we  used  young  (18  -  24  hours)  yeast 
culture  in  liquid  medium,  then  distributed  on  a  solid  medium,  to  obtain  isolated  colonies.  As  laser  source,  we  used  a  He-Ne 
laser  (A.  =  632,8  run,  P  =  6  mW),  and  the  irradiation  was  made  with  different  e^qxisure  times.  From  each  irradiated  mat<»rigi 
a  samite  of  white  grape  stertie  must  was  sowed,  that  has  fermented  at  18  ^  20  “C  for  10  15  days,  after  that  some 

properties  was  tested  (alcoholic  generation  power,  volatile  acidity,  total  acidify).  Some  rtucroscopic  studies  were  also  made. 
The  results  prove  some  influence  of  low  energy  laser  irradiation,  which  can  induce  mutations,  with  new  properties  of  the 
uradiated  material.  These  mutations  can  be  obtained  in  a  positive  sense,  with  new  and  important  perspectives  in  wine 
industry.  Also,  we  observed  an  inhibitory  effect  of  the  laser  radiation  on  the  yeast  cell  growth,  due,  probably,  to  the  too  high 
values  of  the  eiqjosure. 

Keywords;  low  energy  laser  (LEL),  biostimulation,  yeast  cells,  cell  growth 

1.  INTRODUCTION 

The  low  energy  laser  radiation  (LEL)  can  produce  on  the  biological  systems  various  effects.  More  than  30  years  ago,  the 
umque  known  effect  of  the  laser  radiation  was  the  thermal  one,  used,  as  a  matter  of  fact,  in  different  surgical 
Sin^  then,  much  other  kind  of  effects,  defined  as  non-thermal,  i.e.  non-concerning  the  temperature  increase  was  observed 
in  vitro,  as  well  in  vivo.  While  the  interaction  mechamsm  electromagnetic  field  -  biological  system  is  well  known  in  the 
case  of  thermal  effects,  not  the  same  is  the  case  of  non-thermal  effects.  For  that  reason,  in  the  last  years,  the  general 
tendmcy  is  to  move  the  study  fi-om  macroscopic  level  to  microscopic  one,  and  here  the  attention  is  guided  to  the  cells  and 
coristitutive  elements  that  can  represent  possible  interaction  sites’ .  The  study  of  the  interaction  between  low  energy  laser 
radiation  and  living  systems  involves  aspects  of  both  physical  arid  biological  science  that  are  less  than  perfectly  understood. 

The  reported  effects  of  low-energy  laser  irradiation  are  manifested  in  alterations  in  cellular  and  extracellular  biochemical 
constituents  and  reactions,  as  well  as  in  changes  in  cell  division  rates.  These  bioeffects  were  observed  in  both  in  vivo  and  in 
vitro  experiments  .  In  this  context,  we  have  made  some  experiments,  concerning  the  action  of  a  low-energy  laser  beam  on 
the  yea^  ceU  suspensions,  and  the  eventuahty  of  the  induced  mutations.  These  mutations  consist  in  some  modifications 
concerning  the  DN^A  molecule  distortion,  which  affects  the  fermentation  properties  of  the  yeast.  The  hypothesis  of  the 
explain  these  modifications  is  based  on  bioeffects  as  a  function  of  the  photoinduction  of  biochemical  processes.  This 
approach  is  not  the  only  one,  an  alternative  view  to  understanding  the  bioactivity  of  laser  exposure  being  that  such  cells 
activity  is  an  adaptive  respond  to  stress  actioa  The  adaptive  reaction  is  characterized  by  a  specific  threshold  in  sense  that 
the  monochromatic  laser  radiation  (stress  action)  becomes  stimulus  oidy  if  its  energy  exceeds  a  threshold  value.  That 
represents  the  minimum  thretiiold,  but  also  there  is  a  maximum  threshold;  at  higher  values  after  that  the  stimulus  may  not 
have  any  effect,  or  may  have  an  opposite  one,  or  the  cell  response  is  no  more  dependent  to  the  stimulus  intensity. 
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2.  MATERIAL  AND  METHODS 


The  must  and  wine  micro-flora  is  very  diverse,  including  a  great  number  of  bacteria  and  fungi,  that  determine  the  wine’s 
qualities.  Among  the  fungi,  a  remarkable  importance  has  the  Saccharomyces  cerevisiae  var.  ellipsoideus  and  therefore  we 
choose  them  to  determine  the  mutagenic  action  of  the  visible  laser  h^  on  it 


The  material  for  irradiation  was  prepared  as  it  follows: 

-  liquid  culture  medium  -  YEPG  (yeast  extract  -  10  g/f,  peptone  -  10  g/f,  glucose  -  20  g(f,  distrlled  water  trie  1  f), 

sterilised  20  minutes  at  1.5  atm.  . 

-  solid  culture  medium  O^east  extract  -  10  g/t,  peptone  -  10  g/f,  glucose  -  20  g/t,  agar  -  25  g/f ,  drstrlled  water  trie  1  f), 

sterilised  20  minutes  at  1.5  atrrr. 

The  young  yeast  cell  culture  (18  -f-  24  hours)  in  liquid  medium  was  sowed  on  plates  with  solid  medium,  to  obtain  isolated 
colonies  (temperature  =  28  30  °C).  The  irradiation  have  been  made  wift  a  laser  source,  a  He-Ne  laser  {X  =  632,8  nm, 

P  =  6  mW),  continuous  wave,  focused  laser  beam,  at  different  exposure  times.  The  first  experiment  stage  consrsts  in  cell 
colonies  exposate  to  the  visible  laser  from  a  laser  source  (He-Ne  laser  with  X  =  632,8  nm,  P  =  6  mW),  for  ^erent 
exposure  times  and  the  sturfy  of  a  range  of  properties  of  the  irradiated  cell  colorries.  The  exposure  time  values  for  differerrt 
samples  are  preserrted  in  Tab.  1 . 


Sample 

1 

— _ 

2 

3 

4 

5 

6 

7 

Control 

Exposure  time  (minutes) 

0.5 

1 

3 

5 

8 

12 

18 

0 

From  irradiated  colony,  a  sarrqrle  of  white  grape  sterile  must  (minimrun  250  g/t  sugars  refinctometrically  determined, 
10  minutes  boiling  sterilised)  was  sowed,  that  has  fermented  at  rcMm  tem^rature,  18  -  20  °C,  for  10  -  15  days;  after  that 
some  properties  was  tested  (alcoholic  generation  power,  total  acidity,  volatile  acidity). 


In  the  second  sfagp  another  set  of  colonies  was  irradiated  at  different  doses  (exposure  times)  and  the  growth-time 
dependence  post-irradiation  was  studied.  The  exposme  time  values  for  the  samples  in  this  second  stage  of  the  experiment 
are  presented  in  Tab.  2. 


Tab.  2  Exposure  time  of  the  second  gror^  samples 


Sample 

— - _ _ I 

1 

^ _ 

2 

3 

4 

5 

6 

(Control 

Exposure  time  (minutes) 

2 

5 

8 

12 

18 

25 

0 

From  each  irradiated  colony,  a  sample  was  sowed  in  a  liquid  culture  medium  (YEPG).  The  samples  was  left  at  room 
temperature,  18^20  “C,  in  closed  test  tubes,  for  the  cell  multiplication. 

To  measure  the  growth  rate-time  dependence,  we  have  made  the  following  corrsideratrons:  the  celluto  growth  rate  is 
proportional  to  the  yeast  cell  density  in  culture  medium  at  that  moment  If  the  extinction  of  the  cell  medium  non-sowed  is 
considered  0,  the  extinction  of  the  culture  medium  in  which  was  sowed  a  yeast  strain,  at  a  time  t  is  E  (t).  Bu^  from  Lambert- 
Beer  low  of  the  alternation  of  the  li^t  crossing  a  solution,  I  =  Io-exp(-  scz),  where  lo  is  the  intensity  of  the  incident  U^t,  I  - 
intensity  of  the  light  at  the  depth  z,  e  -  the  extinction  coefficient  and  c  -  the  concentration  of  the  absorbent  in  solutiorr,  one 
can  note  the  ratio;  t  =  I/Io  as  the  transmission  coefficient  and  E  =  In  (Iq/I)  =  In  (1/x)  is  the  extinction  of  Ae  ^bstanc^  It  is 
obvious  from  the  previous  relation  that  extinction  E  is  proportional  to  concentration  c;  measuring  the  extin^on  at  different 
times  it  is  possible  to  follow  the  variation  of  the  concentration,  i.e.  the  variation  of  the  number  of  yeast  cell  in  colony. 

We  have  measured  the  extinction-time  dependence  for  every  sample  irradiated  at  different  doses  (after  stirring  for  solution 
homogenisation),  in  order  to  point  out  the  possible  influence  of  the  irradiation  on  the  yeast  cell  culture  growth.  The 
determination  of  the  extinction  was  made  with  a  photocolorimeter  SPECOL. 
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3.  EXPERIMENTAL  RESULTS 


The  first  stage  microscopic  studies  during  the  fermentation  can  be  synthesised  as  follows: 

1  day  after  the  sowing  of  the  irradiated  and  control  colonies  in  250  300  mf  white  gr^  sterile  tniict  the  microscopic 
observation  show  spherical  -  oval  cells,  with  normal  aspect  and  dimensions;  the  5®  sample  (g  minntpg  exposure) 
manifests  a  tendency  for  cell  agglomeration;  no  morphological  cell  modifications  was  observed.  At  that  time,  a  sampip 
fi’om  every  colony  was  selected  for  later  fermentation,  to  see  if  the  fermentative  properties  maintain  in  time. 

2  days  after  the  sowing:  start  of  the  fermentation. 

-  4  days  after  the  sowing:  &e  5*  sample  reveals  a  foam  level  approximately  2  times  lower  than  the  control  sample. 

one  week  after  the  sowing:  the  morphologic  observations  revealed  no  significant  cell  modifications;  the  3"^  sample 
showed  lightly  grrater  cell  dimensions  and  the  5*  sample  showed  lightly  smaUer  cell  dimensions  than  the  conteol;  the 
foam  level  in  the  5  sample  remain  ai^oximately  2  times  lower  than  the  control  sample. 

-  two  weeks  after  the  sowing:  in  the  5^  sample  the  wine  clear  up  starts;  after  one  d^,  follows  the  4®  sample  and  after 
another  day,  the  3  sample;  for  all  samples,  the  yeast  fall  out  is  compact  for  all  samples;  none  of  them  formed  a  film 

After  two  weeks  fermentation,  some  properties  was  tested  (alcoholic  generation  power,  total  acidity,  volatile  acidity)  The 
results  are  presented  below: 


Tab.  3  Properties  of  the  irradiated  samples  after  two  weeks  fermentation 


Sample 

1 

2 

3 

4 

5 

6 

7 

Control 

Exposure  time  (minutes) 

0.5 

1 

3 

5 

8 

12 

18 

0 

Alcohol  (%voL) 

16.4 

16.3 

16.4 

16.3 

16.4 

16.3 

16.4 

16.2 

Volatile  acidity  pH 

0.76 

0.8 

0.8 

0.8 

0.8 

0.8 

0.8 

0.76 

Total  acidity  pH 

i  6.2 

6.2 

6.2 

6.2 

6.2 

6.2 

6.2 

!  6.2 

After  some  time  (6  months  at  least),  we  will  test  the  maintenance  or  change  in  time  of  these  properties.  Also,  a 

determination  of  the  presence  or  the  modification  of  the  “kmer”  or  sensible  character  of  the  strains  will  be  made. 

In  the  second  stage,  the  results  of  the  extinction  measurements  at  different  times  are  presented  in  Tab.  3.  The  table  contains 
the  values  of  the  relative  extinction  of  the  solution  samples  (multiphed  by  10^)  at  different  times.  The  culture  solution 
extinction  is  related  to  the  extinction  of  the  non-sawed  culture  liquid  medium  (YEPG). 


Tab.  4  Extinction  values  of  the  solutions  during  the  growth  period 


Sample 

time(h) 

0 

2 

5 

10,5 

18 

23 

31 

44 

49 

1 

E 

X 

T 

I 

N 

C 

T 

I 

O 

N 

i  X 

(10^) 

0 

0 

0 

28 

319 

535 

640 

660 

703 

2 

0 

_ 

4 

8 

41 

328 

538 

602 

658 

658 

3 

0 

4 

4 

32 

333 

588 

664 

664 

685 

4 

0 

8 

8 

28 

258 

510 

656 

656 

690 

5 

0 

5 

5 

19 

263 

525 

589 

665 

675 

6 

0 

4 

8 

36 

301 

553 

602 

620 

638 

Control 

0 

0 

18 

92 

398 

638 

658 

678 

678 
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The  results  are  plotted  in  Fig.  1.  After  a  short  latency  period,  the  extinction  of  the  solution  (i.e.  the  yeast  cell  concentration) 
shows  an  initial  exponential  increase,  followed  by  a  saturation  of  the  concentration,  a^r  20  -i-  30  hoim, 
the  nutritive  substance  in  the  solution  is  exhausted  After  about  50  hours,  the  extinction  decreases  slowly.  All  the  samples 
were  maintained  in  the  same  conditions,  therefore  the  influence  of  the  temperature  on  the  growth  rate  is  out  of  the  quesUon. 


4.  CONCLUSIONS 

The  stuciy  of  the  interaction  between  laser  radiation  and  the  human  body  involves  many  physicd  and  biologjcd  aspects.  Cta 
one  it  was  demonstrated  that  there  is  a  “thrediold  stimulus”,  in  sense  that  the  laser  ratotion  becomes  stiinulus  oiuy  if 
its  energy  exceeds  a  threshold  value.  On  the  other  hand,  all  observed  biological  effects  of  this  laser  radiation  action  ongmate 
from  the  changes  in  cellular  membrane  potentials,  resulting  from  changes  in  membrane  permeability  and  rmcroviscosity. 
These  changes  are  caused  by  the  action  of  the  excitation  that  provoke  charge  separations,  which  generate  concentration 
gradients  and  potential  gradients*. 

Also  the  electromagnetic-induced  biological  effects  may  be  characterised  as  adaptive  or  compensatory.  The 
electromagnetic  action  determine  an  integrative  response:  after  the  electroma^etic  wave  detection,  information  is 
communicated  to  the  central  nervous  system  which  then  activates  the  physiological  mechamsms  to  determme  a 
compensatory  response. 

The  results  of  our  experiments  indicate  primarily  the  existence  of  certain  parameters  of  light  be^  for  bio^muMon 
effects;  the  most  important  is  the  time  exposure  for  a  constant  intensity,  ie.  the  dose  ejqxisure.  Considering  the  laser  beam 
cross-action  equal  to  1  mm^  the  intensity  of  the  beam  is  about  0.6  WW.  For  exposure  times  in  1  -i-  25  mm  range,  the 
energetic  exposure  dose  (specific  energy  fluence)  is  30  -  700  mJ/cm^  which  corresponds  to  the  photochemical  mter^on 
domain^.  From  the  microscopic  observations  for  the  first  stage,  we  can  see  some  important  fects,  all  regardmg  the  5 
sample: 

-  1  day  after  the  sowing  of  the  irradiated  and  control  colonies  the  5^  sample  (8  minutes  exposure)  manifests  a 

tendency  for  cell  a^omeration; 

.  4  days  after,  the  5*  sample  reveals  a  foam  level  approximately  2  times  lower  than  the  control. 
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one  week  after,  the  5^  sample  showed  lightly  smaller  cell  dimensions  than  the  control;  the  foam  level  in  the  5* 
sample  remain  approximately  2  times  lower  than  the  control. 

two  weeks  after  the  sowing:  in  the  5*  sample  the  wine  clear  vp  starts; 

All  of  that  show  an  important  modification  of  the  fermentation  properties  for  the  5^  sample,  modifications  that  are  in  the 
positive  sense  (especially  the  reduced  foam  level  and  the  earlier  clear  up  time).  These  are  sustained  by  the  results  in  alcohol 
and  acidity  determinations.  A  rise  firom  16,2  %  alcohol  in  control  sample  to  an  average  of  16,4  %  for  the  most  of  the 
irradiated  samples  is  significant  and  with  an  important  perspective  for  wine  industry,  if  these  results  can  conduce  to  mating 
types  with  better  fermentation  characteristics. 

From  the  second  stage  determinations,  we  can  emphasise  the  fact  that  it  is  an  evident  action  of  the  laser  light  on  the  yeast 
cell  culture.  Comparing  the  evolution  of  the  cell  number  in  all  irradiated  samples  with  the  control  sample  (non-inadiated), 
we  can  see  that  the  irradiation  have  an  inhibitor  effect  on  the  yeast  cell  growth  (it  is  a  retardation  in  the  mitotic  process). 

That  light-induced  inhibition  of  biological  activity  may  be  e?iplain  by  the  existence  of  two  competing  processes:  the 
formation  by  photosensitization  of  reactive  oxygen  species,  which  stimulate  the  redox  activity  of  the  respiratory  chain,  and, 
on  the  other  hand,  the  intramolecular  electronic-vibrational  energy  transfer  from  an  endogenous  photosensitier  to  an  enzyme 
of  the  respiratory  chain,  thereby  bringing  this  enzyme  into  an  inactive  configuration  and  paralysing  the  respiratory  chain^. 
The  second  process  must  be  more  intense,  having  as  result  the  inhibition  of  the  growth. 

However,  we  could  not  determine  a  quantitative  relationship  between  the  exposure  dose  and  the  retardation  time.  It  is 
necessary  to  make  some  new  experiments  in  order  to  find  that  relationship.  In  fact,  this  experiment  will  continue  and  will  be 
repeated  in  various  conditions,  to  confirm  the  mutagenic  action  of  laser  beam  and  to  obtain  a  strain  with  new,  good  and 
stable  fermentation  properties.  Another  kind  of  laser  (diode  laser)  also  will  be  used,  the  type  of  laser  source,  even  at 
comparable  wavelengths,  could  be  an  important  factor^. 

The  fact  that  the  previous  discussed  result  is  a  result  of  the  enhancement  of  the  proliferation  of  the  cells  may  be  due  to  the 
exposure  time  and  power  density  values,  which  determine  the  effects  of  the  laser  irradiation.  Both  stimulation  and  inhibition 
of  the  cell  properties  can  be  obtained  with  the  same  laser  on  the  same  cells^. 

We  can,  also  conclude,  while  the  exposure  dose  was  similar  in  the  first  and  second  stage  experiments  and  the  other 
conditions  (preparation,  maintaining)  was  the  same,  that  one  cannot  establish  a  relationship  between  the  influence  of  the 
laser  radiation  on  the  multiplication  process  (cell  growth)  on  the  one  hand  and  mutagenic  effects  of  the  laser  radiation  and 
some  properties  modifications  on  the  other  hand.  This  conclusion  is  due  to  the  fact  that,  in  same  e^qxisure  conditions,  the 
fermentation  properties  was  enhanced,  while  the  cell  growth  was  inhibited. 

Finally,  we  think  that  the  existence  of  the  minimum  and  maximum  threshold  is  proved  in  our  e^q^eriment  by  the  fact  that,  in 
the  first  stage  of  experiment,  only  the  samples  irradiated  at  the  e>qx)sure  time  about  8  min  have  presented  properties 
modifications. 
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ABSTRACT 

The  lock-in  amplifier  technique  is  frequently  used  in  characterization  of  optoelectronic  devices.  A  digital  lock-in  amplifier 
and  a  digit^  direct  synthesis  signal  generator  are  implemented  with  a  general  propose  68HC11E1FN  microcontroller.  The 
resolution  in  frequency  is  less  than  1  Hz.  The  digital  lock-in  amplifier  operates  over  a  frequency  range  from  1  Hz  to  1  kHz 
and  can  measure  signal  at  any  harmonic  of  the  reference  signal.  Typical  error  is  less  than  0.5%  for  the  range  of  fiequendes 
reported.  This  digital  lock-in  technique  is  inejqtensive  and  can  be  used  in  experiments  with  low  frequency  response. 

Keywords:  Digital  lock-in  amplifier.  Optoelectronic  devices,  Digital  direct  synthesis.  Microcontroller 

1.  INTRODUCTION 

Many  kin^  of  andyses  are  performed  on  complex  periodic  signals  to  extract  a  particular  component  from  the  composite 
signal.  This  is  easily  done  by  lock-in  amplification  providing  the  frequency  of  the  component  of  interest  is  synchronous 
with  that  of  the  phase-locked  loop’s  reference.  The  digital  lock-in  amplifier  technique  can  be  used  to  study  of 
semiconductor  materials  or  optoelectronic  devices. 

In  an  analog  lock-in  anqtlifier,  the  signal  of  interest  is  mixed  both  in-and  out-of-phase  Avith  a  reference  are  fed  through  low- 
pass  fflters.  In  this  manner,  an  analog  lock-in  amplifier  can  measure  both  the  amplitude  and  phase  of  the  signal  while 
effectively  filtering  out  broadband  noise.  In  a  digital  lock-in,  both  the  signal  and  reference  are  digitized  at  a  rate  much 
greater  than  the  reference  fiequency  and  then  transferred  to  the  computer.  The  computer  then  performs  the  Fourier  analysis 
to  measure  the  amplitude  of  both  and  the  relative  phase  shift  between  them.  This  technique  is  called  digital  lock-in  analysis 
because  it  performs  the  same  measurement  as  an  analog  lock-in  amplifier,  although  in  a  somewhat  different  fashion. 

The  recent  advances  in  the  capabilities  of  high-resolution  analog  to  digital  converter  and  data  processing  with  dedicated 
microcontrollers  have  allowed  us  to  develop  digital  lock-in  techniques  that  surpass  the  capabilities  of  analog  lock-m 
amplifiers. 

The  term  dual-channel  refers  to  the  number  of  digitizer  channels  used  in  the  measurement  Dual-channels  digital  lock-in 
digitize  the  signal  and  reference  in  parallel  using  two  separate  channels. 

The  published  versions  fall  into  distinct  categories^  Fust,  there  are  the  hardware-based  versions  that  are  capable  of 
measuring  signals  up  to  fairly  high  frequencies  but  require  the  construction  of  specific  electronics.  Second,  then  are  the 
software-based  versions  but  operating  only  at  low  frequencies. 


2.  PRINCIPLE  OF  OPERATION 

The  ol^ective  of  the  measurements  is  to  obtain  both  the  magnimde  of  the  signal  and  its  phase  relative  to  the  given  reference 
signal.  The  arithmetic  sum  of  products  that  defines  the  response  of  linear,  time  invariant  networks,  can  be  expressed  as 
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y{n)='^AxM 

k=\ 

where;  y(n)  is  response  of  network  at  time  n,  Xk(n)  is  kth  input  variable,  and  is  weighting  factor  of  kth  input  variable  that 
is  constant  for  all  n,  and  so  it  remains  time-invariant 

In  filtering  apphcations  the  constant,  Ak ,  are  the 
filter  coefficients  and  variables,  Xk  ,are  the  prior 
sample  of  a  sin^e  data  source  (for  example,  an 
analog  to  digital  converter).  In  fi:equency 
transforming  (whether  the  discrete  Fouria:  or  the 
fest  Fourier  transform)  the  constants  are  the 
sine/cosine  basis  functions  and  the  variables  are 
a  block  of  samples  from  a  single  data  source. 

Example  of  multiple  data  source  may  be  found 
in  image  processing.  The  multiply  intensive 
nature  of  equation  1  can  be  appreciated  by 
observing  that  a  single  output  response  requires 
the  accumulation  of  K  products  terms. 

The  block  diagram  of  the  lock-in  amplifier  and  a 
typically  apphcation  is  shown  in  Fig.  1.  The 
signal  response  and  the  reference  signal  are  fed 

into  the  channels  of  an  analog  to  digital  .  .  ,  .  i  r- 

converter,  where  they  are  ^chronously  Fig.  1  The  block  diagram  ofthe  digital  lock-m  amplifier 

sampled  and  stored  at  the  measurement 

ftequency^.  The  number  of  samples  for  each  channel  is  denoted  by  N.  The  signal  period  is  T  =  1/fr  and  r  =  l/f„  is  the 
measurement  interval.  To  resolve  signals  at  frequency  fr,  it  is  necessary  to  sample  the  signals  at  least  as  fast,  i.e.,^  >  2/,. 


Nt  =  qT,  q=  integer,  (2) 

The  cignalg  are  acquired  over  an  integer  number  of  signal  periods.  This  condition  is  met  if 
where  q  is  the  number  of  signals  periods  contained  in  the  Appoints  sample.  Equation  (1)  can  be  rewritten  as 
It  is  important  to  note  that  since  both  N  and  q  are  integers,  the  ratio  is  a  ratio  of  integers.  In  the  others  words,  the 

measurement  frequency  is  commensurate  with  the  signal’s  frequency. 

The  signal  and  reference  vectors  take  the  general  form 

Sigik)  =  S,  cos{l7iqk I N)  +  Sy  svailTiqk IN),  k  =  1,2,3,..., N,  (4) 

Ref  (A:)  =  cosi^nqk  I  N)+Ry  sin(  27iqk  /  N),  k  =  \,1,3,...,N .  (5) 


Once  the  digitizer  obtains  the  data,  it  is  transferred  to  the  computer  where  the  analysis  commences.  We  want  to  determine 
Sx,  Sy,  and  if  we  know  these  four  quantities,  then  we  can  determine  the  amplitudes  of  the  signal  and  reference  and  the 
relative  phase  shift  between  then.  The  program  that  analyzes  the  data  has  previously  generated  and  stored  internal  sine  and 
cosine  vectors  using  same  values  of  N  and  q 

c{k)  =  cos{27vqk !  N),  k  =  \,2,3,...,N,  (6) 

s{k)  -  svD.{27vqk  /  N),  k  - 1,2,3,...,  AT.  (7) 

To  obtain  S, ,  we  calculate  the  normalized  dot  product  of  the  signal  and  the  cosine  vector 

=  2  /  Sigik)  X  cik).  (8) 
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This  eiqiressioii  can  be  demonstrated  if  we  use  the  oithogonality  relationships^.  We  obtain  by  perfonning  the  same  sum  with 
Ref(k)-,  Sy  and  Ry  are  obtained  using  equation  7  in  an  equation  witli  close  form  of  the  equation  8.  The  magnitudes  of  the 
signal  and  reference  can  be  obtained  using 

So=iSl+Sir^  and  Ro=(Rl+R^yr\  (9) 

The  relative  phase  shift  of  the  signal  with  respect  to  the  references  is 

^,=0^-0^,  where  =arctan(5'^ and  (9,  =arctan(i?^ (10) 

It  is  important  when  calculating  the  relative  phase  diifl  the  arctangent  will  be  defined  within  the  same  half-plane.  This 
technique  is  c^ble  of  measuring  signals  at  any  harmonic  of  the  reference  signals.  The  generalization  of  the  measurement 
for  harmonic  analysis  requires  only  a  few  modifications.  If  information  is  required  for  more  than  a  few  signal  ftequehcies,  it 
is  faster  to  use  a  fast  Fourier  transform  routine  to  calculate  the  signal  components. 


3.  THE  DIGITAL  LOCK-IN  AMPLIFIER 


With  a  general  purpose  68HC11  microcontroller^  the  signal  generator  and  data  acquisition  for  digital  quadrature  lock-in 
detection  are  implemented. 


3.1.  Hardware 

The  ADC  and  TIMER  subsystems  of  the 
microcontroller  are  used  for  these  functions  and  an 
as3mchronous  serial  communications  interface  (SCI, 
RS232)  is  available  for  data  transfer  between  the 
host  and  the  embedded  ^stem.  The  performances 
of  the  68HC11  microcontroller  are  conmarable  with 
other  general  propose  microcontrollers^(83C562  or 
83C552  by  Philips  Semiconductors)  but  the  internal 
EEPROM  memory  and  bootloader  ROM  is  an 
advantage  in  this  applicatiorr 

The  circuit  diagram  of  the  embedded  system  with 
the  68HCI1  microcontroller  is  show  in  Fig.  1.  An 
MC68HC11A1FN  in  “dual-mode”  with  32K-byte 
of  external  SRAM  (62256,  in  address  area  $8000- 
$FFFF)  is  used.  Very  high  flexibility  is  obtained 
with  this  design  which  can  be  reset  in  the 
“LEARN”  mode  (special  bootstrap  mode)  or 
“RUN”  mode  (normal  expanded  mode).  For 
PCFRS  applications  additional  circuits  must  be 
constructed.  The  circuit  diagram  shown  in  Fig.  2  no 
contains  the  low-pass  filter  (Ref-out,  Pulse  With 
Modulation  -*  PWM  at  PA6/OC2/OC1)  necessary  to 
obtain  the  sine  wave  signal.  The  PEl/ANl  pin 
ensures  an  absolute  measure  for  the  Ref-in  signal. 
The  Sig-in  signal  of  the  amplifier  is  ^plied  at  the 
PEO/ANO  pirL  The  external  circuitries  necessary  for 
implement  all  functions  is  a  low-pass  filter  arid  an 
amplifiers  for  Sig-in  signal.  Only  this  circuites  is 
necessary  because  the  internal  peripherals  of  the 
microcontroller  can  be  adapted  by  software  for  this 
plication. 


Jack 

^  lOuF  PFcc 
1N4001  ^ 


Fig.  2  The  circuit  diagram  of  the  embedded  system. 
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3.2.  Software 


Phase-sensitive  detection  is  a  well-known  and  widely  used  technique.  Digital  lock-in  amplifiers,  first  prqx)sed  by  Cova  , 
are  very  stable  because  of  the  digital  nature  of 
desigiL  The  instrument,  in  feet,  measures  the 
correlation  between  the  two  signals.  In  a  digital 
lock-in  amplifier,  both  the  signal  and  the 
reference  are  digitized  at  a  rate  much  higher 
than  the  reference  firequency  and  then 
transferred  to  the  computer. 

Very  important  for  this  application  is  the  output- 
compare  function  (TIMER)  which  is  used  for 
the  generated  Fvh/L  signd  with  <3^  cycle 
specified  in  a  buffer  memory  (maximal  8192 
bites,  sine  wave).  Any  waveforms  can  be 
obtained  with  ^s  technique  (DDS-Direct 
Digital  Synthesizer)"*. 

The  acquisition  data  and  control  of  PCFRS  is 
performed  by  the  embedded  system.  The  time 
critical  task  showed  in  Table  1,  performed  by 
the  embedded  system  generates  the  PWM  signal 
(Ref-out),  reads  the  value  of  the  signal  response 
of  the  semiconductor  sample  (Sig-in),  reads  the 
value  of  the  reference  signal  (Ref-in)  and  stores 
these  data  in  two  internal  memory  buffers. 

The  PWM  signal  (OCl  and  OC2  is  used 
together  to  produce  one  PWM  output)  with 
period  of  128  ^is  and  resolution  of  500ns  is 
generated  with  a  duty  cycle  specified  (128/0.5  - 
256  which  is  the  resolution  for  duly  cycle  of  0 
to  100  percent)  in  a  buffer  memory.  This  ta^ 
only  produces  duty  cycles  of  50  to  100  percent 

When  a  smaller  duty  cycle  is  specified,  it  is 
automatically  changed  to  100  percent  minus  the 
specified  duty  cycle,  and  the  polarity  of  the 
output  is  switched.  To  perform  all  these 
functions,  only  128  ps  is  available;  the  real 
performance  of  the  task  is  116  ps.  An  auxiliary 
square  wave  signal  is  available  at  the 
PA4/OC4/OC1  pin  for  testing,  or  eventually,  for 
external  chopper  i^chronization.  The  maximal 
resolution  in  firequency  in  this  configuration  is 
less  than  1  Hz  ^  can  be  customized  over  a 
large  range. 

The  maxininm  measurem^t  points  are  8192  (N) 
and  the  same  number  is  available  for  the  PWM 
buffer  memory  (limited  by  RAM  memory  of  the 
embedded  system,  24  K-byte  all  buffers).  The 

particular  situations  are  important  in  practice;  if  ^ 

the  resolution  in  ftequency  must  be  equal  to  1  Hz  (0.999936  Hz),  7812  measurement  points  (ls/128  ps  =  7812.5)  are 


•  PRODUCES  HIGH  OR  LOW  GOING  PWM  SIGNALS,  READ  SIGNAL  * 

*  AND  REFERENCE  VIA  A/D  CONVERTER  IN  BUFFERS  * 

*♦♦♦♦♦♦♦*♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦*♦♦*♦*♦**♦♦**♦♦********************* 

data  initialization 

CLI 

NVERST  LDY  PIVOT 

[6]  TEST  END  ACQUISITION 

CPY  ENDBUFF 

[7]  (NREG)X3  +  BOTBUFF 

BNE  NVERST 

[3] 

LDY  #BOTBUFF 

[3] 

STY  PIVOT 

[5] 

BRA  NVERST 

FOREVER 

*  S  VOC I  -  OUTPUT  COMPARE 

1  SERVICE  ROUTINE, »  128  uS 

*  16  cycles  for  flight  at  SVOCl  service 

SVOCl  LDX  #REGBAS 

[3] 

LDD  TOCl,X 

[5]  CURENT  PWM  %  INITIALIZE 

ADDD  PROCNOU 

[6]  128  <  PROCNOU  <255 

STD  TOC2,X 

[5]  TIME  FOR  %  PART 

*  max.  64iiS -(19+ 16)x  .5  -  17.5  uS 

LDD  TOCIPC 

[5]  NEXT  PULSE 

ADDD  PWMPER 

[6]  FOR  128  uS,  PWMPER  =  OOFF 

STD  TOCl,X 

[5]  TIME  FOR  NEXT  PULSE 

LDAA  ADR1,X 

[4]  READ  CURENT  VALUE 

LDY  PIVOT 

[6] 

INY 

[4] 

STAA  ,Y 

[5]  WRTIE  SIGNAL  DATA 

LDAA  ADR2,X 

[4] 

INY 

[4] 

STAA  ,Y 

[5]  WRITE  REFERENCE  DATA 

INY 

[4]  PERFORM  NEXT  PWM 

STY  PIVOT 

[6] 

LDAB  OClD,X 

[2]  F  <  or  >  50%  next  pulse 

ANDB  #%00010000 

LDAA  ,Y 

[5] 

CMPA  #$80 

[2] 

BLS  ARNZOC 

[3]  jump  for  <50% 

ADDB  #%01000000 

[2] 

ARNZOC  EORB  #%00010000 

STAB  OClD,X 

[4]  H/LorL/Hok 

CMPA  #$80 

[2] 

BHI  NUSCAD 

[3] 

TAB 

[2] 

LDAA  #$FF 

[2] 

SBA 

[2] 

NUSCAD  TAB 

[2] 

CLRA 

[2] 

STD  PROCNOU 

[5] 

BCLR  TFLG1,X$7F 

[7] 

RTI 

[12] 

•  24  +  (1 15  X. 5)  =  57.5 +  17.5  = 

75  uS 

*  End  SVOCl  routine 

Table  1  TT 
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necessary.  In  this  situation,  the  PWM  signal  with  frequency  equal  to  1  Hz  is  composed  of  7812  sanq)les  {q  =  1).  For  a  PWM 
signal  with  frequency  equal  to  1  kHz  for  each  signal  period  ~8  samples  are  us^  (q  =  1000);  in  other  words,  in  the  wrong 
cas&fm =8fr.  If  the  fiequency  resolution  can  be  10  Hz  (10.0096  Hz)  only,  782  points  of  measurement  are  necessary. 

In  this  particular  case  fte  measurement  is  very  fast.  The  host  system  performs  the  next  sequence:  initialize  the  number  of 
point  measurements  (AO,  perform  and  transfer  duty  cycles  for  the  sine  wave  to  the  PWM  buffer  memory  of  the  embedded 
system  and  command  the  acquisition  task.  After  loading  all  the  data,  these  are  performed  in  accxrrdance  with  Fourier 
analysis'". 

4.  NOISE  ANALYSES 


The  digital  lodk-in  responds  to  noise  can  be  appreciated  in  approximation  of  the  signal  at  a  fiequency  different  than  the 
chosen  signal  frequency’,  f^.  The  effective  white  noise  bandwidth  of  the  measurements  is  ~  f/q-,  this  is  the  inverse  of  the 
total  sampling  time.  It  is  important  to  note  that  the  in-phase  and  qiiadrature  response  have  zeros  at  the  frequencies 


/„=/.(i±p/^X  p  =  W....  (11) 

The  discrete  nature  of  the  sampling  in  a  digital  lock-in  introduces  another  possible  source  of  noise;  aliasing  The  aliasing 
noise’  components  will  appear  to  be  at  a  frequency 

f  =  \fn-ifu  |>  y  =  1,2,3,...  ,  (12) 

where  ^  is  the  actual  noise  frequency  and  j  refers  to  the  closed  harmonic  of  the  sampling  frequency.  The  standard  way  to 
deal  with  this  problem  is  to  pass  the 
signal  through  a  low-pass  filter  at  or 
below  fJ2  before  digitizing  to  attenuate 


the  aliasing  components. 

The  real  noise  of  digital  lock-in  amplifier 
presented  in  this  paper  can  be  evaluated 
for  signal  response  at  amplitude  and 
phase  shift  of  the  signal  by 
deconvolution^.  In  Fig.  3  is  plot  the 
response  of  the  digital  lock-in  amplifier 
at  a  conq>lex  signal.  The  signal  response 
at  amplitude  (fig.  3(B),  all  amplitude 
noise  of  the  e>q)eriment  (fig.  3  (C))  and 
in  Fig.  3  (D)  is  shown  the  amplitude 
noise  of  the  digital  lock-in  amplifier 
extracted  by  the  experimental  noise. 

The  phase  shift  noise  of  the  digital  lock- 
in  amplifier  is  ^own  in  Fig.  3(G).  The 


same  e?q)erimental  condition  with  Frequency  (1 0^  Hz) 

amplitude  measurement  is  ensuring  for 
this  evaluation.  Of  course  the  low 

resolution  of  analog  to  digital  converter  *’*8*  ^  response  (B),  all  noise  of  signal  (C)  and  the  signal 

(8  bits)  is  the  basic  source  of  the  noise  in  digital  lock-in  (D);  the  phase-shift  response  (E)  all  phase-shift 

this  applicatioa  In  other  hanri  the  vety  “o*®®  “o*®®  of  fli®  digital  lock-in  (G). 

good  stability  and  flexibilily  of  the  digitd 

lock-in  amplifier  may  be  an  important 

point  of  view. 


5.  CONCLUSIONS 


A  digital  lock-in  amplifier  and  a  digital  direct  S3mthesis  signal  generator  are  implemented  with  a  general  propose 
68HC11E1FN  microcontroller.  The  resolution  in  frequency  is  less  than  1  Hz.  The  digital  lock-in  amplififir  operates  over  a 
fiiequency  range  from  1  Hz  to  1  kHz  and  can  measure  signal  at  any  harmonic  of  the  reference  signal  Typical  error  is  less 
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than  0.5  percent  for  the  range  of  ftequencies  reported.  This  performance  is  possible  though  the  mode  of  synchronization 
between  the  signal  generator  and  the  measurement  and  is  limited  by  the  8-bit  resolution  of  the  ADC  subsyst^.  Typic^ 
error  is  less  than  0.5%  for  the  range  of  frequencies  reported.  The  low  resolution  of  analog  to  digital  converter  is  the  basic 
source  of  the  noise  in  this  application.  The  very  good  stability  and  flexibility  of  the  (hgital  lock-in  amplifier  be  an 
important  point  of  view.  This  digital  lock-in  technique  is  inexpensive  and  can  be  used  in  experiments  with  low  frequency 
response. 
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ABSTRACT 

“The  environmental  diagnosis  and  supervision  mobile  system  for  emergency  cases”  it’s  a  flexible  system  which  support  the 
decision  and  the  management  of  the  risks.  To  optimise  the  time  reaction,  in  case  of  emergency,  is  synonymous  to  save  the 
maximum  possible  lives.  The  decision  in  such  a  case  must  be  strongly  supported  by  a  wide  infonnation  pictures, 
information  needed  in  a  command  center  both  for  the  acting  operators  and  civilian  people.  The  system  described  bellow  try 
to  clarify  the  general  m-chitecture  necessary  to  be  adopted  in  order  to  respond  at  a  such  a  need.  The  authors  inform  with  this 
occasion  that  this  architecture  it  is  a  very  flexible  one  and  could  be  configured  upon  request. 

Keywords:  environmental  diagnosis  and  supervision,  mobile  system,  emergency  cases,  flexible  system,  decision,  risk 
management, ,  acting  operators,  civilian  people,  flexible  architecture,. 

1.  INTRODUCTION 

In  the  last  decade,  vast  region  from  different  places  in  the  world  were  damaged  by  natural  catastrophic  phenomena  such  as 
earthquake,  hurricanes,  floods,  etc.;  along  the  time,  Romania  was  hitter  several  times  by  natural  disasters,  doubled  in  couple 
of  cases  by  important  damages  and  great  loss  of  people  life. 

Scientifically  community  in  the  whole  world  make  some  efforts  to  support  the  realisation  of  the  prediction  for  a  such  a  kind 
of  phenomena  and  for  perfecting  technical  abilities  and  the  social  background,  so  that  a  prepared  society  could  be  able  to 
face  off  the  consequence  of  some  disastrous  experiences. 

To  optimise  the  time  reaction  in  the  case  of  emergency  it  is  necessary  to  assist  the  decision,  who  is  imperative  to  be 
receipted  and  processed  in  real  time  for  all  the  volume  of  different  information,  communications  and  data  transmissions 
from  and/or  to  decision  center,  data  which  are  essential  elements  for  the  modem  management  of  emergency  and  risks. 

“'^e  environmental  diagnosis  and  supervision  mobile  system  for  emergency  cases"  is  conceived  to  be  an  optimised  and  in 
“live”  reaction  time  transmission  system  in  case  of  emergency  for  difficult  access  and  very  dangerous  zones. 

2.  THE  SYSTEM 

The  system  is  disposed  on  a  small  vehicle  (a  mobile  command  platform')  which  can  rich,  in  principle,  any  dangerous  or 
damaged  zone;  the  vehicle  can  be  self-propelled  or  a  wheeled  one. 

The  crew  is  conposed  by: 

-  a  driver; 

-  a  main  operator  which  operate  the  robot; 

-  an  assistant. 

The  platform  is  equipped  with: 

-  a  radio  station  for  data  and  voice  transmission; 

-  a  command  desk  with  one  or  more  monitors  for  environmental  and  robot  surveillance; 

a  remote  control  for  commanding  the  robot; 

♦Correspondence:  Email:  dragosp@ro.pims.org;  Telephone:  00  40(1)  400  39  26;  Fax:  00  40(1)  232  20  08 
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-  different  tools  with  several  destinations; 

-  the  robot  himself. 

The  platform  could  be  equipped  with  LIDAR  unit  (Ll^t  Detecting  And  Ranging)  based  on  the  well  known  laser  radiation 
good  characteristics: 
divergence; 
monochromaticity; 
coherence; 
hi^er  intensity. 

Laser  radiation  characteristics  recommend  the  laser  beam  as  an  ideal  source  of  radiation  in  LIDAR  systems  for  the  detection 
of  the  distance. 

LIDAR  unit  suppose  a  laser  transmitter  for  distance  detection.  IR  radiation  emitted  or  absorbed,  cUffused  or  reflected  by 
toxic  substance  molecules  could  be  detected  and  analysed  using  proper  detectors  (e.g.:  for  explosive  substance  are  used 
optical  IR  detectors). 


3.  THE  ROBOT 

The  robot  has  2  video  transmitting  channels  in  VIS/IR  working  on  day/night  time;  the  robot  can  penetrate  calamitated 
and/or  polluted  areas,  taking  pictures  of  the  access  place  or  making  panorama  of  the  area. 

The  robot  can  also  make  some  meteorological,  chemical  and  radioactivity  (radiometry)  analyses. 

If  the  decision  to  take  need  more  information  such  as  those  who  can  result  after  a  more  detailed  analyse,  the  robot  could 
take  some  samples  (gaseous,  liquid  or  solid)  to  be  later  analysed. 

Optional,  the  robot  could  be  also  equipped  with  a  LIDAR  unit,  but  the  presence  of  a  such  umt  on  the  vector  (robot)  lead  to  a 
more  complicated  robot  and,  for  sure,  at  a  very  high  price;  the  LIDAR  unit  lead  also  to  a  greater  robot  which  it  is  not 
suitable. 

Infrared  radiation  emitted  or  absorbed,  diffused  or  reflected  by  toxic  substance  molecules  generated  as  a  result  of  a  calamity 
and/or  an  accident  could  be  a  very  good  support  (working  agent)  for  the  quantitative  and/or  qualitative  determmations 
(measurements)  by  the  means  of  the  own  detectors. 

•  1^  figure  show  us  the  robot’s  general  organisation  with  its  main  components  in  general  view. 

a)  the  vector  itself,  which  has  the  possibility  to  move  on  the  ground  and  in  water  too,  has  the  following 
subassemblies: 

-  the  chassis; 

-  ground  propulsion  system; 

-  water  propulsion  system; 

-power  supply; 

-  central  process  unit  (CPU). 

b)  the  arm  has  the  possibility  to  move  in  gyration  ±  90°  and  in  elevation  between  -10°  to  +80°(as  shown  in 
Fig.2). 

c)  the  sensor  battery  consist  of: 

-  chemical  unit  (one  of  the  sensors  is  shown  in  Fig.  3;  a  such  a  cell  can  measure  both  values  -  absolute  or 
relative — as  is  necessary); 

-  meteorological  unit  (such  a  unit  will  deliver  all  the  essential  parameters  of  the  local  atmosphere:  humidity, 
pressure,  temperature,  speed  and  wind  direction); 

-  radiometric  unit  (consist  of  cell  battery  measurement  for  a,  p,  and  y  radiation); 

-  video  unit. 

d)  tank  samples: 

e)  command  and  data  transmission  unit. 
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The  chemical  and  radiometric  units  could  give  all  the  absolute  level  of  the  checked  parameter  or  the  moment  when  a 
concentration  threshold  a  value;  to  fit  the  robot  with  a  type  or  another  of  this  sensors  it  is  a  matter  of  philosophy  and  price, 
and  do  not  implies  major  differences  in  the  structtire  of  the  control  process  unit. 

•  Just  to  have  an  idea  of  the  size  of  the  robot  it  can  be  specificated: 

-  length - 830  mm; 

-  width - 820  mm; 

-  height - 600  mm; 

-  clearance - upon  request;  typical  100  mm; 

-  weight - approx.  60  kg. 

•  To  complete  the  upper  idea,  down  are  presented  few  of  the  performances  and  characteristics  of  the  robot: 

-  speed  (ground  //  water) - -0-6  km/h  //  0-3  km/h; 

-  maximum  inclination - 35°; 

-  gyration  radius - >  610  mm; 

-  operational  range - -approx.  200  m; 

-  working  diagram  for  the  mobile  arm - see  fig.  2; 

-  maximum  wei^t  lifted  up  by  the  arm - 1  kg; 

-  power  supply  (battery) - 24  V; 

-  sensors  number - 3-6. 


Fig.l  General  view  of  the  robot 
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Fig.2  Working  diagram  for  the  mobile  arm. 


The  robot  could  move  in  open  or  closed  area,  on  arrange  or  disarrange  territory,  and  also  in  water.  It  could  attack  consistent 
obstacles  due  to  the  clearance,  ampathament  and  ecartment^. 

The  work  arm  could  lift  up  samples  or  it  could  mark  the  interest  area. 

Used  video  cameras  are  sensible  on  visible/infrared  radiation  spectra  during  the  day  -  night  time  operation  and  will  be 
located  as  follows: 

-  one  to  the  end  of  the  mobile  arm; 

-  one  on  the  robot. 

Each  camera  has  its  own  illuminate  installation. 

Weather,  chemical  and  radioactivity  units  has  miniature  sensors  without  moving  parts.  Chemical  unit  has  in  it  own 
composition  optic  infrared  sensors  which  measures  the  gas  concentration  of  the  environmental  atmosphere,  (see  3  figure). 

Measurement  results  are  memorised  by  the  robot  board  or  are  transmitted  to  the  command  base. 

The  robot  is  control  remoted  from  the  command  desk  through  a  coaxial  cable  of  approx.  200  m;  from  the  comnmd^desk 
we  could  transmit  maximum  32  command  km/h  with  3  Hz.  On  the  same  cable,  opposite  of  direction  (from  the  robot  to  the 
command-desk)  is  transmitted  the  audio-video  signal  take-it  over  by  one  of  the  two  video  camera. 
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Fig,3  Gas  concentration  measurement  principle 


The  cable  link  in  another  configuration  could  be  made  by  the  means  of  a  fibre-optic  cable;  that  solution  has  the  advantage  of 
the  increasing  transmitting  speed  of  data  and  decreasing  weight  of  the  coil  for  the  same  length  or,  a  much  more  length  for 
the  same  weight. 

The  architectural  structure  of  the  robot  is  conceived  to  be  a  modular  one;  this  modularity  could  give  the  possibility,  in 
function  of  the  moment  need,  to  use  a  dedicated  measurement  module,  for  example,  which  not  made  part  from  the  base 
stmcture. 

Otherwise,  if  in  a  mission,  when  appears  the  necessity  to  take  two  times  much  more  samples  as  in  the  basically  structure,  the 
operator  has  the  possibility  to  remove,  let’s  saying,  tibie  radiometric  module  with  an  additional  sample  module  knowing  the 
fact  that  in  the  working  area  it’s  no  danger  for  radiation  contamination. 

By  the  means  of  video-mixing  pictures  delivered  by  the  two  cameras  it  is  possible  to  work  m  a  fixed  point  with  the  arm  of 
the  robot  and  having,  in  the  same  time,  a  panorama  of  the  area  with  the  other  camera. 


4*  figure  present  the  general  robot  organisation: 


Fig.4  General  robot  organisation 


4.  CONCLUSION 

“The  environmental  diagnosis  and  supervision  mobile  system  for  emergency  cases**  is  conceived  to  be  an  optimised  and  in 
“live”  reaction  time  transmission  system  in  case  of  emergency  for  difficult  access  and  very  dangerous  zones. 
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ABSTRACT 

The  low  power  radio  frequency  capacitively  coupled  plasma  sustained  in  air  at  atmospheric  pressure  is  described  with  the 
aim  of  using  it  as  spectral  source  for  atomic  emission  spectroscopy  of  pneumatically  nebulised  liquid  samples  and  the  direct 
analysis  of  non-conductive  solid  samples.  The  plasma  was  generated  at  a  frequency  of  13.56  MHz,  absorbed  RF  powers  of 
20-70  W  and  air  flow  rates  of  0.1-1  1/min,  being  intrinsic  part  of  the  resonant  circuit  of  a  free-running  oscillator.  The  liquid 
samples  were  pneumatically  nebulized  using  a  Meinhard  nebulizer  and  intorduced  into  the  plasma  via  a  4-roller  peristaltic 
pump.  The  rotational  temperature  and  the  intensity  ratio  of  ion  to  atom  lines  for  Ca  were  determined  experimentally. 
Detection  limits  were  determined  using  the  "3a  method"  given  by  Boumans  for  1 1  elements  (Ag,  Ca,  Cr,  Cu,  Mg,  Mn,  Na, 
Li,  Ba,  Pb,  Sr)  at  an  RF  power  of  50  W  and  air  flow-rate  of  0.7  1/min.  The  same  plasma  was  used  for  the  direct  analysis  of 
non-conductive  solid  samples.  All  measurements  have  been  carried  out  on  cylindrical  sample  pellets  of  chalk,  pressed  in  a 
steel  press  at  a  pressure  of  87’10^  Pa,  at  an  RF  power  of  40  W  and  air  flow-rate  of  0.5  1/min. 

Keywords:  capacitively  coupled  plasma,  spectral  source,  atomic  emission  spectroscopy,  RF  sputtering 

1.  INTRODUCTION 

Over  the  last  few  decades,  plasma  excitation  sources  at  atmospheric  pressure  for  analytical  atomic  emission  spectrometry 
(AES)  have  been  well  characterized  as  sensitive  spectral  sources.  Most  of  these  sources  are  inductively  coupled  plasmas 
(ICPs).  The  radiofrequency  (RF)  capacitively  coupled  plasma  (CCP)  as  physical  phenomenon,  was  studied  before  ICPs. 

The  principle  of  capacitive  coupling  to  generate  a  plasma  has  been  known  since  late  1920s.  In  1941,  Cristescu  and 
Grigorovici  reported  that  an  RF  CCP  could  be  obtained  at  atmospheric  pressure  between  two  electrodes,  one  of  them  being 
a  platinum  tip.  Between  1949  and  1961  they  made  the  first  steps  in  consecrating  the  CCP  sustained  at  atmospheric  pressure 
as  excitation  source  for  spectral  analysis^’  ^ 

The  interest  on  plasma  spectral  sources  was  shifted  to  the  ICPs  in  the  early  1960s,  when  Greenfield  and  al."  reported  almost 
simultaneously  with  Wendt  and  Fassel  the  successful  application  of  an  argon  ICP  in  spectrochemical  analysis.  Since  then, 
until  the  mid  80's  the  world  of  spectrochemical  analysis  was  dominated  by  the  ICPs. 

After  1988,  Blades  et  al.  rediscovered"  the  RF  CCP  in  different  electrode  geometry  for  spectrochemical  analysis. 
Probably  they  were  attracted  by  both  low  RF  power  and  argon  consumption  compared  to  the  ICPs. 

In  the  last  decade,  our  attention  was  directed  to  the  construction  of  RF  generators  able  to  generate  CCPs  at  low  and  very  low 
absorbed  RF  powers.  Firstly,  we  have  built  an  RF  generator  for  maintaining  an  argon  CCP  at  atmospheric  pressure.  The 
working  frequency  was  27.12  MHz  and  the  RF  powers  were  in  the  range  of  100-300  W.  Two  electrodes  configurations  have 
been  used  to  maintain  the  plasma:  tip-ring  and  tube-ring  electrode  geometries.  This  generator  was  coupled  with  a  sequential 
monochromator,  resulting  an  atomic  emission  spectrometer.  It  has  been  used  for  analysis  of  liquid  samples  introduced  into 
the  plasma  by  pneumatic  nebulization  and  of  conductive  solid  samples.  The  obtained  results  were  promising*^'**.  Secondly, 


*  Correspondence:  E-mail:  anghels@phys.ubbcluj.ro;  Phone:  +  40  -  64  -  405  300;  Fax:  +  40-64-  191  906 


776 


In  SIOEL  '99:  Sixth  Symposium  on  Optoeiectronics.  Teodor  Necsoiu,  Maria  Robu,  Dan  C.  Dumitras,  Editors, 

Proceedings  of  SPIE  Vol.  4068  (2000)  •  0277-786X/00/$15.00 


the  RF  generator  built  with  the  aim  of  studying  the  CCP  in  argon  and  air  at  atmospheric  pressure  at  very  low  RF  powers 
(20-70  W  and  13.56  MHz)'*  was  used  to  generate  an  argon  plasma  as  spectral  source  for  direct  analysis  of  non-conductive 
samples^*. 

In  the  present  work,  the  second  RF  generator  is  used  to  maintain  an  air  CCP  at  atmospheric  pressure.  This  plasma  is  studied 
as  atomization  and  excitation  source  for  liquid  samples  introduced  into  the  plasma  by  pneumatic  nebulization  and  as  possible 
sampling  and  excitation  source  for  non-conductive  solid  samples.  Two  kind  of  plasma  devices  are  presented.  A  torch  with 
two  electrodes  (the  sustaining  tip  of  the  plasma  and  a  tip  like  grounded  counterelectrode)  for  analysis  of  liquid  samples  and  a 
torch  for  direct  analysis  of  non-conductive  samples.  The  second  device,  a  sputtering  chamber,  was  built  by  modifying  the 
previous  torch  to  provide  the  sampling  and  excitation  conditions  for  non-conductive  solid  samples. 

2.  INSTRUMENTATION 


2.1.  Experimental  setup 

The  construction  of  the  RF  generator  used  for  sustaining  the  very  low  power  capacitively  coupled  plasmas  at  atmospheric 
pressure,  is  described  elsewhere'*.  The  plasma  was  generated  at  a  frequency  of  13.56  MHz,  at  various  absorbed  RF  power 
levels  (20-70  W).  The  main  characteristic  of  our  capacitively  coupled  plasma  is  that  it  is  an  intrinsic  part  of  the  tuned  circuit 
of  the  radio-frequency  generator.  The  oscillator  is  one  of  the  inductive  reaction  type  having  the  tuned  circuit  placed  in  the 
control  grid  network  of  the  active  element  (pentode  tube).  The  presence  of  the  adjustable  inductive  coupling  in  the  reaction 
circuit  offers  the  possibility  of  the  maximisation  the  RF  power  transferred  to  the  plasma.  It  was  experimentally  proved  that 
this  plasma  could  be  succesfully  used  for  the  analysis  of  liquid  samples'^’ '''  by  atomic  emission  spectroscopy  technique  and 
for  the  direct  analysis  of  both  conductive'"*  and  non-conductive  solid  samples^*. 

The  experimental  setup,  for  both  techniques,  is  schematically  outlined  in  Fig.l.  and  Fig.2.  Details  of  the  equipment  used  and 
the  operating  conditions  are  provided  in  Tablel . 


Scanning  monochromator  (SMS) 

Czerny  -  Turner  mount 
focal  length:  1  m 

diffraction  grating:  2400  groves/mm 
entrance  and  exit  slits:  20  \in\ 
computer  driven  (1  step  =  0.002  nm) 
photomultiplier  tube  (PMT):  Thorn-EMI  9781  R 


Fig.l.  The  experimental  set-up  for  liquid  sample  analysis  by  atomic  emission  spectroscopy 
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RF  Generator 
13.56  MHz 
20  -  70  W 


CCP 

sputtering  chamber 
Sample  pellet 


Scanning  monochromator  (SMS) 

Czerny  -  Turner  mount 
focal  length:  1  m 

diffraction  grating:  2400  groves/mm 
entrance  and  exit  slits:  20  pm 
computer  driven  (1  step  =  0.002  nm) 
photomultiplier  tube  (PMT):  Thorn-EMI  9781  R 


. : . 

Fig.2,  The  experimental  set-up  for  the  direct  analysis  of  non-conductive  solid  sample  by  atomic  emission  spectroscopy 


Table  1.  Equipment  and  operating  conditions 


Plasma  generation: 

RF  oscillator  (13.56  MHz;  20  -  60  W).  Laboratory  constructed.  Babes-Bolyai  University,  Faculty  of 
Physics,  Cluj-Napoca,  Romania 

Stabilised  Power  Supply  BS  452  E  type  (2  x  500  V;  max.  400  mA).  TESLA,  Czech  Republic 
Stabilised  Power  Supply  I  4104  type  (40  V;  5  A).  lEMl,  Bucharest  Romania 

Plasma  torch: 

Laboratory  constructed  (Fig.3.) 

Sputtering  chamber: 

Laboratory  constructed  (Fig.4.) 

Plasma  support  gas: 

High  purity,  compressed  air  (0.1-1  1/min) 

Optics: 

110  mm  focal  length,  30  mm  diameter  fused  silica  lens 

Monochromator: 

Computer  driven  scanning  type  (1  step  =  0.002  nm),  1  m  focal  length,  Czemy-Tumer  mount,  with 
2400  groves-mm"'  diffraction  grating  and  20  pm  slits  (internal  wavelength  calibration  with  an  Al 
hollow  cathode  lamp).  Research  Institute  for  Analytical  Instrumentation,  Cluj-Napoca,  Romania 

Detector: 

9781  R  photomultiplier  tube  operated  at  700  V.  Thorn  EMI  Ltd.,  England 

Data  acquisition 
and  processing: 

Digital  data  acquisition  and  monochromator  driving  carried  out  by  an  IBM-PC  equipped  with  a 
laboratory  constructed  interface  (64  ps  data  acquisition  time);  data  processing  with  an  appropriate 
in-house  software.  Research  Institute  for  Analytical  Instrumentation,  Cluj-Napoca,  Romania 

Internal  calibrations  were  done  with  an  A1  hollow  cathode  lamp  and  the  corrections  for  the  spectral  response  of  the 
spectrometric  system  (optics  and  photomultiplier)  were  made  with  a  spectral  irradiance  standard  lamp  EPI  1604. 

2.2.  The  CCP  torch  and  sample  preparation  for  liquid  sample  analysis 

The  low  power  CCP  for  liquid  sample  analysis  is  sustained  on  a  kanthalum  tip  (20  -  24  %  Cr,  5  -  6  %  Al,  2  %  Co,  68  -  73  % 
Fe).  For  a  greater  stability  of  the  plasma  the  presence  of  the  second  (counter)electrode  is  required.  The  tip  is  part  of  the  CCP 
torch  presented  in  Fig.3. 


The  main  parts  of  the  CCP  torch  are:  a  quartz  tube  /!/  (14  mm  i.d.,  16  mm  o.d.,  150  mm  length)^  a  brass  electrode  as  support 
of  a  kanthalum  tip  111  (0.8  mm  in  diameter  and  4  mm  in  length);  an  electrode  holder  made  out  of  PTFE  /3/  (with  12 
concentric  holes  of  1  mm  in  diameter,  providing  the  sample  entrance  to  the  plasma)  and  a  PTFE  chamber  /4/  (volume  =  10 
ml);  RF  coupling  111  and  the  air  and  sample  introduction  inlet  161.  The  counter  electrode  is  grounded  and  made  out  of  copper 
/9/  (2  mm  thickness  and  100  mm  length).  A  PTFE  electrode  holder  /8/  (with  6  concentric  holes  of  2.5  mm  in  diameter  for 
gas  outlet)  is  providing  the  joining  with  the  remain  of  the  torch.The  plasma  gas  is  air,  and  flows  in  a  laminar  motion  through 
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the  quartz  tube  with  a  flow-rate  of  0.1-1  1/min.  At  these  flow-rates  the  plasma  has  a  candle  flame-like  with  an  orange  like 
colour. 

Stock  solutions  (1000  pg/ml  element)  were  prepared  by  dissolution  of  the  high-purity  metals  or  their  salts  in  HNO3  (1+1) 
or  in  HCl  (1+1)  (FLUKA).  Single  element  working  standard  of  50  pg/ml  were  obtained  by  diluting  the  stock  solutions  with 
high  purity  2  %  v/v  HNO3.  These  solutions  were  used  for  the  analysis  of  liquid  samples  by  atomic  emission  spectroscopy 
technique.  A  blank  solution  of  2  %  (v/v)  HNO3  was  used. 


Fig.3.  The  CCP  torch  Fig.4.  The  sputtering  chamber 

2.3.  The  sputtering  chamber  and  sample  pellet  preparation 

The  capacitively  coupled  plasma  used  for  RF  sputtering  of  non-conductive  solid  samples  was  obtained  inside  of  a  tubular 
quartz  chamber  /4/  (14  mm  i.d.,  100  mm  length,  with  a  lateral  port,  5  mm  i.d.,  50  mm  length)  on  a  tungsten  electrode  /!/  (4 
mm  in  diameter,  with  the  tip  sharpened  at  45°)  (see  Fig.4.).  The  plasma  gas  was  introduced  inside  the  chamber  via  a  gas  inlet 
191  and  a  PTFE  electrode  holder  /3/  (12  concentric,  1  mm  i.d.  holes).  The  sample  pellet  was  placed  inside  of  a  PTFE  sample 
holder  cup  151  on  plate  brass  counter  electrode  161.  The  RF  electrode  and  the  sample  holder  were  placed  at  the  opposite  sides 
of  the  quartz  tube  and  fixed  with  two  PTFE  lids  111  and  111.  The  plasma  viewing  is  insured  by  the  lateral  port  /lO/. 

The  experimental  measurements  were  carried  out  on  cylindrical  sample  pellets  of  chalk  (CaCOs).  The  raw  materials 
necessary  for  pellet  preparation  were  mixed  with  30  ml  ethyl  alcohol  in  a  mortar  and  stirred  until  homogeneity.  This 
procedure  was  done  until  the  whole  quantity  of  the  added  alcohol  was  evaporated  and  this  procedure  was  repeated  twice. 
Drying  at  105  °C  was  followed  by  7  h  of  sintering  in  fiimace  at  1000-1100  °C.  After  a  new  set  of  grinding  and  sifting,  the 
sample  was  homogenised  again.  A  quantity  from  the  powders  obtained  this  way  was  pressed  in  a  steel  press  at  a  pressure  of 
87-10^  Pa  for  10  minutes.  The  resulting  analytical  sample  pellets  had  cylindrical  shape,  with  a  11  mm  diameter  and  were 
used  for  the  direct  analysis  of  non-conductive  solid  samples. 

3.  RESULTS  AND  DISCUSSION 

The  study  of  physical  and  analytical  of  a  plasma  discharge  properties  (temperatures,  line  intensity  ratios,  signal  to  backgound 


ratios,  dynamic  range,  detecion  limits)  represents  a  very  important  preliminary  step  toward  understanding  the  mechanisms 
and  processes  that  occur  within  the  plasma  used  as  spectral  source  and  provides  for  the  possible  users  an  indication  as  to 
whether  samples  at  low  levels  can  be  analyzed  with  some  desired  level  of  precision. 

As  far  as  the  plasma  support  gas  was  air,  the  rotational  temperature  (1^0  seems  to  be  the  most  important  physical  property 
of  this  type  of  plasmas.  It  was  calculated  via  the  Boltzmann  plot  method,  from  the  slope  of  a  regression  line  fitted  to  the 
appropriate  data  according  to  Eqn.l,  using  six  lines  from  the  R2  branch  of  the  (0,0)  transition  of  the  OH  radical  (307.1; 
307.3;  307.4;  307.7;  308.4  and  308.9  nm). 
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^  B  '  ^rot 
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where;  I  =  relative  intensity  of  the  OH  line;  g  =  statistical  weigth;  A  =  transition  probability;  =  Boltzmann  constant,  Erot  = 
excitation  energy  of  a  rotational  level.  The  spectroscpic  data  were  taken  from  the  paper  of  Komblum  and  De  Galan^'. 

The  temperature  measurements  were  performed  at  an  RF  power  of  50  W  and  air  flow-rate  of  0.7  l/min,  in  two  situations;  for 
pure  but  not  dried  air  plasma  without  distilled  water,  and  for  an  air  plasma  with  pneumatically  nebulised  distilled  water, 
introduced  via  devices  described  in  Fig.l.  and  Table  1.,  respectively.  Thus,  temperatures  of  2240  K  and  2210  K  were 
obtained,  respectively.  This  results  and  the  plasma  spectra  in  those  two  situations,  presented  in  Fig.Sa.  and  Fig.5b., 
demonstrate  that  the  water  provides  extra  OH  radicals,  meaning  higher  relative  intensities  in  the  band  and  has  a  coolant 
action ,  lowering  the  rotational  temperature. 


306^0  30B.S 
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(a)  (b) 

Fig.5.  The  R2  branch  of  the  (0,0)  transition  of  the  OH  radical 


The  intensity  ratio  of  ion  to  atom  lines  for  a  certain  element  (Ca  in  our  case)  is  an  indicator  of  the  existing  species  (ions, 
atoms  or  both)  within  a  plasma  discharge.  This  intensity  ratio  depens  on  the  electron  number  density,  ionization  temperature 
and  ionization  potential  of  the  elements  in  question.  For  our  spectral  source,  the  ratio  was  determined  experimentally  using 
the  393.367  nm  ionic  and  the  422.673  atomic  lines  of  Ca  and  was  found  to  be  1  ;  13.  Thus,  our  plasma  contains  more  atomic 
species  than  ions. 


Without  any  doubt,  the  most  important  analytical  characteristic  of  a  spectral  source  is  the  detection  limit.  The  detection  limit 
of  the  concentration  (LOD  or  Cl)  according  to  Boumans^^  is: 


Cl  =k--^ — ^ — =k.0.01-RSDB-^ 
xb  Xa/xb  SBR 


(2) 


where;  xa=  net  analyte  signal;  xb  =  net  analyte  signal;  SBR  =  xa  /  xb  =  signal-to-background  ratio  (SBR);  cta  =  standard 
deviation  of  the  background  signal;  RSDB  =  relative  standard  deviation  of  the  background  signal  and  k  =  const. 
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If  k  =  2V2  («  3)  the  formalism  presented  above  is  called  “3a  method”  and  it  is  the  most  commonly  used  technique  of 
detection  limit  determination.  By  using  this  method  the  SBR  and  LOD  for  a  number  of  1 1  elements  (Ag,  Ba,  Ca,  Cr,  Cu,  Li, 
Mg,  Mn,  Na,  Pb  and  Sr)  were  determined  at  an  observation  height  of  10mm  above  the  tip  by  introducing  50  pg/ml  aqueos 
working'standard  solutions  of  each  element.  These  result  are  presented  in  Table  2.,  in  comparision  with  the  results  for  the 
same  elements,  obtained  with  an  Ar  plasma,  operated  at  the  same  RF  power  and  gas  flow-rate  parameters^l 


Table  2.  Detection  limits  for  the  low  power  air  CCP 


Element 

Analytical 
wavelength  [nm] 

LOD  [pg/ml] 

air  CCP  40  W 

argon  CCP  40  W 

Na 

588.90 

0.014 

0.107 

Ca 

422.67 

0.650 

0.170 

Pb 

405.78 

28.920 

1.400 

Ag 

328.07 

1.670 

0.114 

Cu 

324.75 

24.100 

0.166 

Mg 

285.21 

5.850 

0.100 

Cr 

425.43 

42.400 

4.200 

Mn 

403.08 

1.310 

0.520 

Ba 

493.41 

66.100 

142.000 

Sr 

460.70 

1.310 

0.078 

Li 

670.79 

0.063 

0.130 

The  detection  limits  listed  in  Table  2.  for  the  air  CCP  at  40  W  were  found  to  be  in  the  range  of  0.014  -  66  pg/ml.  These 
results  are  comparable  of  those  of  the  low  power  Ar  CCP.  For  alkali  metals  (Na  and  Li)  the  detection  limits  are  better  in  the 
air  plasma.  The  results  from  Table  2.  are  in  a  good  agreement  with  the  theory  according  to  what  a  molecular  plasma,  the  low 
power  air  CCP  in  our  case,  is  better  for  the  analysis  of  a  refractory  element  (e.g.,  Ba)  than  an  Ar  plasma. 

The  dynamic  range  of  the  plasma  source  was  determined  by  plotting  a  calibration  curve  for  Ag.  It  is  about  3  orders  of 
magnitudes.  The  correlation  coefficient  for  the  calibration  curve  is  about  0.999  for  this  dynamic  range  and  the  standard 
deviation  of  its  slope  is  2.8  %  (Fig.6.) 

The  influence  of  RF  power  on  the  background  and  on  the  emission  intensity  was  studied  for  Na  doublett  (588.995 
nm/589.59  nm)  and  the  dependences  are  presented  in  Fig.7.  A  linear  increase  of  the  emission  intensities  and  a  constant 
background  could  be  concluded. 

The  behavior  of  Na  atoms  in  a  plasma  spectral  source  could  provide  some  other  important  informations  about  that  source. 
The  self-absorption  is  a  phenomenon  which  occures  when  on  its  path  through  the  plasma  the  emitted  radiation  is  absorbed  by 
the  atoms  in  ground  state.  It  is  estimated  as  the  ratio  of  the  two  emission  intensities  of  the  Na  doublett,  DI/DII.  In  the 
absence  of  this  phenomenon  this  ratio  has  to  be  2,  and  below  2  when  the  self-absorption  is  present.  For  our  plasma  source 
the  ratio  was  found  to  be  between  1.9  and  2.0.  These  results  shows  that  the  self-absorpiton  is  lower  compared  to  the 
reference  value  of  1.8,  the  self-absorbtion  constant  in  an  arc  source^''. 
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Fig.6.  Dynamic  range  for  Ag  Fig.7.  Effect  of  RF  power  on  background  and  signal 

The  low  power  air  CCP  is  a  versatile  tool  for  real  liquid  sample  analysis.  The  emission  lines  for  Na  and  Ca  from  drinking 
water  are  presented  in  Fig.8.  and  Fig.9. 


Fig.8.  Na  doublett  in  drinking  water  Fig.9.  Ca  atomic  line  in  drinking  water 

The  possibility  of  using  a  capacltively  coupled  plasma  for  RF  sputtering  of  non-conductive  solid  samples  was  one  of  the 
purposes  of  our  research  work  and  the  preliminary  results  are  presented  in  this  paragraph.  The  main  characteristic  of  our  low 
power  capacltively  coupled  plasma  is  that  it  is  an  intrinsic  part  of  the  tuned  circuit  of  the  radio-frequency  generator  (Fig.  10.). 

The  automatic  grid  bias  network  (RgCg)  develop  a  negative  voltage  on  the  grid  in  the  range  of  150  -  200V.  Its  value  is 
function  of  the  anode  positive  bias.  Over  this  negative  dc  component,  the  RF  component  is  superimposed,  the  amplitude  of 
oscillation  being  15-20%  greater  than  the  dc  potential  of  the  control  grid.  Because  the  oscillator  works  under  resonant 
conditions,  the  amplitude  of  the  RF  oscillations  on  the  sustaining  electrode  of  the  plasma  is  in  the  range  of  2000-3 000 V.  Due 
to  the  DC  component  the  RF  wave  is  translated  toward  negative  values,  its  form  being  asymmetric  with  respect  to  ground. 
During  a  full  cycle  of  the  RF  wave,  the  plasma  sustaining  electrode  has  a  negative  potential  a  time  interval  longer  than  a 
half-cycle.  This  fact,  combined  with  the  lower  mobility  of  the  positive  ions  relative  to  the  electrons,  cause  an  accumulation 
of  positive  charge  greater  than  the  negative  charge  close  to  the  sustaining  plasma  electrode.  This  accumulation  of  positive 
charge  has  two  consequences:  (a)  -  an  excess  of  negative  charge  that  appears  toward  the  free  end  of  the  plasma  where  the 
sample  is  placed,  and  (b)  -  the  electrostatic  shielding  of  the  sustaining  electrode  of  the  plasma.  Consequently,  an  internal  DC 
electric  field  appears  in  the  plasma. 
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Fig.lO.  The  CCP  intrinsic  part  of  the  RF  oscillator’s  tuned  circuit  Fig.ll.  Expulsion  rate  as  function  of  RF  power 

At  a  critical  distance  between  the  plasma  electrode  and  the  sample  (about  2-4  mm)  the  electrical  field  is  sufficiently  intense 
to  accelerate  the  positive  ions  towards  the  sample  and  to  induce  sputtering  of  the  sample,  causing  sample  atomisation. 
Sputtered  atoms  are  then  available  to  enter  the  plasma  for  subsequent  excitation  and  ionization.  At  sufficiently  high  RF 
powers  (above  50  W  in  the  case  of  an  air  plasma),  the  heating  of  the  sample  is  so  high  that  it  is  tending  to  incandescence.  We 
suppose  that  the  increase  of  the  sample  temperature  causes  the  thermal  evaporation  on  its  surface.  This  can  be  a 
supplementary  atomisation  mechanism  which  will  cause  an  increase  in  the  number  of  the  sample  atoms  in  the  plasma.  These 
affirmations  are  supported  by  the  plots  from  Fig.l  1.,  Fig.l2.  and  Fig.13. 


Fig.l2.  Effect  of  RF  power  on  the  Na  emission  intensity  Fig.13.  Effect  of  air  flow-rate  on  the  Na  emission  intensity 
at  an  air  flow-rate  of  0.5  1/min  3t  an  RF  power  of  40  W 

Fig.  1 1 .  presents  the  dependence  of  the  expulsion  rate  on  the  RF  power  absorbed  by  the  plasma.  The  expulsion  rate  vvas 
calculated  as  being  the  difference  between  the  chalk  sample  weight  before  and  after  exposure  to  collisions  with  ions.  Nine 
replicate  sample  pellets  were  used.  At  powers  lower  than  20  W,  the  sputtering  rate  is  low  since  the  intensity  of  the  dc 
internal  field  is  low.  In  the  range  of  20  -  40  W,  the  sputtering  rate  is  nearly  constant  which  means  the  intensity  of  the 
accelerating  field  remains  nearly  constant.  An  explanation  of  this  phenomenon  could  be  the  complementary  effects  of  the 
increase  of  the  RF  voltage  amplitude  and  of  the  electrostatic  shielding,  respectively.  In  this  power  range  the  sample 
atomisation  is  produced  only  by  the  sputtering  process.  At  powers  higher  than  50  W,  the  thermal  evaporation  will  be  present 
because  of  heating  of  the  sample  by  energised  ions.  Such,  an  increase  of  the  atomisation  rate  appears. 

In  Fig.  12.  the  effect  of  RF  power  on  the  emission  intensities  ofNa  (588.99  nm)  from  the  CaC03  matrix  is  presented.  As  one 
can  notice,  each  plot  is  composed  of  two  straight  lines  with  different  slopes.  The  first  line  corresponds  to  the  sputtering 
mechanism  and  the  second  to  the  combination  of  sputtering  and  thermal  evaporation.  Observing  that  the  increase  of  the  slope 
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takes  place  an  the  RF  power  of  42-45  W  which  is  the  same  as  when  the  atomisation  rate  begins  to  increase,  the  thermal 
evaporation  assumptions  seem  to  be  plausible. 

In  Fig.13.,  the  effect  of  the  gas  flow  rate  on  the  Na  (588.99  nm)  emission  line  from  the  CaCOs  matrix  is  presented,  at  an  RF 
power  of  40  W  is  shown.  The  plot  has  a  maximum  at  a  gas  flow  rate  that  can  be  considered  optimum  (0.5  1/min).  At  this  gas 
flow  rate,  the  number  of  sputtered  atoms  entering  the  plasma,  where  the  excitation  and  atomisation  processes  take  place,  are 
maximal.  At  gas  flow  rates  greater  than  the  optimum,  the  residence  time  of  atoms  in  the  plasma  decreases,  and  as  a  result, 
the  net  intensities  of  the  emission  line  decrease  too.  Mg  impurities  were  found  in  the  chalk.  The  Mg  emission  line  (285.21 
nm)  is  presented  in  Fig.  14. 


Fig.  14.  Emission  line  of  Mg  from  chalk 

CONCLUSIONS 

It  has  been  shown  that  an  air  RF  CCP  operated  at  atmospheric  pressure  and  very  low  power  could  be  a  valuable  spectral 
source  for  atomization  and  excitation  of  liquid  samples  and  for  sampling  and  excitation  of  non-conductive  solid  samples.  A 
very  stable  air  plasma  could  be  maintained  at  a  power  of  50  W  and  a  gas  flow-rate  of  0.7  1/min.  The  LODs  for  liquid 
samples  were  in  the  0.014  ppm  to  66  ppm  range.  Fore  some  elements  they  are  comparable  or  better  than  the  LODs  obtained 
in  the  Ar  RF  CCP  at  the  same  power.  If  some  constructional  and  functional  optimization  will  be  make,  the  air  RF  CCP 
obtained  with  the  described  sputtering  chamber  could  be  successfully  used  as  spectral  source  for  trace  element  determination 
in  chemical  reagents  and  geological  samples.  The  main  advatage  of  this  spectral  source  is  the  very  low  price  of  the  plasma 
gas. 
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Spectral  study  of  some  fatty  acid  -  cholesterol  mixtures 
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ABSTRACT 

This  paper  analyses  the  behavior  of  fatty  acid*choIesterol  mixtures,  components  of  biological  membranes,  under  the 
influence  of  the  electromagnetic  field. 

The  mixtures  acid  lauric-cholesterol,  prepared  in  thin  layers  of  24  pm,  have  a  liquid  crystal  behavior  at  room  temperature. 

Spectra  obtained  in  the  range  (330  -s-  800)  nm  put  into  evidence  some  regions  of  resonance  between  the  oscillatory  system 
characterising  the  textures  and  the  electromagnetic  field. 

The  results  are  discussed  in  terms  of  Maxwell’s  formalism.  A  good  agreement  between  experiment  and  theory  was 
obtained  for  the  lauric  acid.  The  impurification  vdth  cholesterol  leads  to  a  greater  disorder  in  the  system  and  the 
agreement  with  the  theory  is  no  more  satisfactory. 

Keywords;  biological  membrane,  fatty  acid  -  cholesterol  mixture,  transmissivity,  effective  dielectric  constant. 


1.  INTRODUCTION 

Based  on  structure,  properties  and  fiuictional  similarities,  the  great  number  of  chemical  different  macromolecules 
that  build  living  systems  is  devided  into  some  main  classes:  proteins,  glucids,  fetty  acids,  nucleic  acids.  A  main 
role  in  the  understanding  of  the  organization  and  functions  of  living  systems  is  played  by  cellular  membranes. 
Depending  on  the  place  and  role  they  have,  cellular  membranes  are  strictly  specialised 

The  spatial  disposal  of  a  membrane,  determinant  for  its  functions,  corresponds  to  a  minimum  of  the  fi-ee  energy  of 
the  system  constituted  by  the  membrane  for  a  given  temperature  and  surroundings. 

The  basic  structure  of  any  cellular  membrane  is  given  by  a  double  lipidic  layer.  That  is  why  the  knowledge  of  the 
physical  properties  of  fetty  acids  that  are  components  of  cellular  membranes  is  of  great  importance  for  clearing  up 
the  behavior  of  any  cellular  membrane. 

In  this  paper  we  present  the  results  of  the  optical  transmission  studies  of  some  systems  formed  by  one  of  the  fatty 
acids  of  interest,  the  lauric  acid  (L),  and  the  mixtures  lauric  acid-cholesterol  in  weight  percentage  2  -i- 1  (A2C1)  and 
1  -i- 1  (AjCi). 

Optical  microscopy  and  phase  transition  studies  by  the  thermoelectret  method  ^  put  into  evidence  the  mesomorphic 
behavior  of  these  systems. 

The  optical  transmission  of  the  samples  was  studied  in  the  range  (SSO-i- 800)nm.  The  influence  of  the 
impurification  with  cholesterol  which  is  a  constitutive  component  of  any  lipidic  layer  is  also  discussed. 


Correspondence:  Email:  proto@physics.pub.ro 


786 


In  SIOEL  '99:  Sixth  Symposium  on  Optoeiectronics,  Teodor  Necsoiu,  Maria  Robu,  Dan  C.  Dumitras,  Editors, 

Proceedings  of  SPIE  Vol.  4068  (2000)  •  0277-786X/00/$15.00 


2.  EXPERIMENTAL  CONDITIONS  AND  CHARACTERISTICS  OF  THE  SAMPLES 

The  saturated  lauric  acid,  CH3(CH2)ioCOOH,  is  a  polycrystalline  powder  at  room  temperature,  with  the 
melting  point  at  /  =  45°  C . 

The  samples,  with  an  active  layer  of  24  pm  in  thickness  ^  were  pulled  out  from  melt  and  sealed  in  cells  with  plane 
parallel  plates.  The  liquid  crystal  orientation  of  the  samples  is  smectic  A  type,  with  the  director  vector  n 
perpendicular  to  the  plates  that  have  transparent  electrodes  laid  on  (Fig.  1).  The  incident  light  is  normal  to  the 
electrodes.  The  transmission  spectra  in  the  range  (330-5- 800)nm  were  registered  with  a  spectrophotometer 
SPECORD  UV-VIS.  The  reference  beam  passed  through  a  witness  cell,  identical  with  the  cell  contaming  the 
samples. 


Fig.  1 .  Smectic  A  -  liquid  crystal;  large  density  layers  -  a,  the  space  between  two  layers  with  large  density  -  b, 
«  -  the  director  vector,  and  ^  -  the  wave  vector. 


3.  THEORETICAL  CONSIDERATIONS 


In  order  to  characterise  the  propagation  of  light  through  the  systems  of  interest  we  use  the  Maxwell  formalism, 
assuming  that  there  are  no  free  charges  and  no  free  currents  and  that  the  magnetic  susceptibility  is  zero. 

For  the  beginning,  assuming  that  the  medium  is  uniform  and  isotropic,  the  Fourier  transforming  Maxwell’s 
equations  in  time  ^  leads  to  (in  cgs  units): 


with  the  constitutive  relations: 


=  0  ,  Vx£  =  — 5 

c 

VB  =  0  ,  Vxff=-—D 

c 

D  =  eE,  B  =  H. 


(1) 

(2) 


As  in  this  case  the  dielectric  constant  is  independent  of  the  spatial  variables,  by  eliminating  D  and  5 ,  we  get: 
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(3) 


V^E  +  —y-E  =  0 
c 

=  0 
c 

where  E  and  H  are  the  electric  and  magnetic  wave  field  vectors  and  c  is  the  speed  of  light  in  vacuum.  The 
solutions  to  equations  (3)  and  (4)  are 

E{r,  0))  =  Eo  e'*  '  (5) 

H{r,  o))  =  (6) 

in  which  Eq  and  Hq  are  constants  and  k  is  the  wave  vector  related  to  co  by: 


a  (k)  =  -k,  k  = 

yJS 

Nevertheless,  in  smectic  type  systems,  the  dielectric  constant  of  the  layers  with  large  molecular  density  (Fig.  1, 
regions  a )  is  different  from  that  of  the  layers  with  small  molecular  density  (Fig.  1,  regions  b  ),  and  consequently; 

s  =  si^)  (8) 

Therefore,  light  propagates  through  such  systems  in  a  more  complicated  manner  that  equations  (5)  and  (6)  tell  us. 
Assuming  a  periodic  fimction  for  £■(/■)  along  the  direction  of  k  ,  these  equations  can  be  solved  using  photonic 
band  structure  methods 

The  solution  for  the  electric  field  of  the  light  propagating  through  the  sample  is  written  in  the  form; 

£(F,  fij)  =  M  (9) 

where  m(F)  is  a  periodic  fimction  with  the  periodicity  of  the  structure.  Based  on  this  method,  D.B.  Ameen  et  alia  ’ 
calculated  the  frequencies  of  light  that  propagates  through  the  cornea  of  the  mammalian  eye,  supposed  to  be  a 
periodic  ordered  system  with  smectic  liquid  ciystal  type  structure,  and  found  that  cornea  is,  such  as  it  was 
expected,  transparent  in  the  visible  range  while  sclera,  which  is  a  less  ordered  system,  is  not  transparent. 

They  supposed  that  light  in  the  visible  range  propagates  in  the  ordered  system  (cornea)  like  in  a  uniform  medium 
with  an  effective  dielectric  constant  Sgj-j-  given  by; 


In  our  case,  based  on  the  effective  medium  approximation,  we  can  obtaine  the  transmission  through  the  samples  in 
the  visible  range  by  means  of  the  fraction  of  light  reflected  by  a  slab  of  uniform  medium  2  (the  active  layer),  when 
the  incident  light  comes  from  medium  1  and  emerges  into  medium  3,  given  by 


_  ^12  ^23  ^  ^12  ^23 

1  +  /']2  /'23  +  2  ^,2  /■23  COSfi 


(11) 


where  ry  is  the  Fresnel  coefficient  on  passing  from  medium  /  to  j  and  is  a  phase  factor  specific  to  the 
interference  between  the  two  interfaces. 
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For  light  at  normal  incidence,  the  Fresnel  coefficient  and  the  phase  fectors  are: 


(12) 

=  2  0)  d- - 

(13) 

where  d  is  the  thickness  of  the  active  layer. 

Then,  at  normal  incidence  the  fraction  of  the  light  that  is  transmitted  through  the  sample  is  given  by: 

T  =  \-R.  (14) 

4.  EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 
The  transmissivity  of  the  lauric  acid  and  of  the  mijctures  A2C1  and  AiCi  is  presented  in  Fig.  2. 


We  see  that  the  transmissivity  of  the  lauric  acid  in  the  range  (330  -s-  370)  nm  (near  ultraviolet)  is  small,  less  than 
50%,  while  in  the  visible  range  the  transmissivity  T  increases  until  93%  for  X  =  580  nm  and  then  it  decreases 
slowly  in  the  near  infrared  region  (X>  750nm).  The  transmissivity  of  the  mixture  A2C1  is  greater  than  the 
transmissivity  of  the  pure  acid  in  the  range  (330  -f  425)  nm,  with  a  rate  of  increasing  more  important  for  the  region 
(330  -5-  365)  nm.  In  the  visible  range  (400  4-  700)  nm,  T  has  a  constant  value  of  about  70%.  The  presence  of 
cholesterol  in  the  system  A,Ci  determines  a  relatively  constant  level  of  the  transmissivity  for  the  whole  range  (450 
4-  800)  nm.  The  curve  T  =  r(A)  for  AiCi  presents  a  series  of  oscillations  in  the  range  (430  4-  780)  nm  that  may 

be  associated  with  multiple  reflections  of  light  between  the  surfaces  of  the  sample. 

In  Fig.  3  is  presented  the  transmissivity  of  the  samples  as  a  function  of  the  energy  of  the  incident  photons. 
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We  see  that  for  photons  with  energies  grater  than  2.8  eV  the  transmissivity  of  pure  lauric  acid  decreases  rapidly 
while  for  the  mixtures  decreases  slowly  (the  rate  for  AjCi  is  grater  than  for  AiCi). 

According  to  the  decrease  of  the  transmissivity  of  the  samples  for  energies  grater  than  2.8  eV  may  be  associated 
with  the  existence  of  forbidden  photonic  bands  due  to  the  modification  of  the  order  in  the  system  determined  by  the 
modification  of  the  distance  among  molecules  on  the  one  hand,  and,  on  the  other  hand,  by  the  modification  of  the 
distance  among  the  layers  with  large  molecular  density  (a  in  Fig.  1). 

From  relation  (10)  the  phase  factor  results  to  be: 

cos/?  =  +  4)-fe  +4)  ^ 

2{\-R)  ^ 


Fig.  3.  The  dependence  ?’=  2Y/jv);  •  lauric  acid;  x  lauric  acid -cholesterol  1:1;  o  lauric  acid -cholesterol  2:1. 


For  the  configuration  of  the  sample  presented  in  Fig.  1,  it  is  obvious  that  r^2  -^23 

.  R(l  +  r^)-2r^ 

2(l-Ji) 


(16) 


The  dependence  of  cos/3  upon  R  for  the  studied  systems  is  presented  in  Fig.  4  for  the  minimum  value  of  the 
transmissivity  obtained  for  A  =  330  nm.  We  see  that  the  absolute  value  of  cos P  increases  with  the  decrease  of 
the  reflection  fector,  R,  which  is  produced  by  the  increase  of  the  percentage  of  cholesterol. 

Thus  the  refraction  index  «,  given  by  n  =  ,  increases  with  the  percentage  of  cholesterol.  In  fact  Sgff 

increases  with  one  order  of  magnitude  when  passing  from  the  lauric  acid  to  the  mixture  A2C1  and  the  same  when 
passing  from  A2C1  to  AiCi. 

These  results  are  in  good  agreement  with  the  results  obtained  by  electrical  measurements  for  the  same  systems  *. 
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Fig.  4.  The  dependence  cosjS  =  /(i?) 


5.  CONCLUSIONS 

Pure  lauric  acid  has  the  best  transmissivity  in  the  visible  range  (Tmax  >  90%) .  The  impurification  vvith 
cholesterol  decreases  the  transmissivity  of  the  mixtures  in  the  visible  range:  Tjnax  >  ”75%  for  A,Ci  and 
T  >  70%  for  A2C1  while  in  the  near  ultraviolet  the  transmissivity  increases  with  the  percentage  of 
impurification  with  cholesterol.  We  see  that  light  propagates  through  the  lauric  acid  like  in  a  umform  medium. 

In  what  concerns  the  mixtures  A2C1  and  A,Ci,  the  transmission  of  light  is  more  complex  so  that  the  model 
proposed  is  no  more  valid  and  this  subject  is  to  be  treated  in  the  future.  The  results  obtained  by  electrical 
measurements  show  that  the  impurification  with  cholesterol  leads  to  an  important  increase  of  the  elertric  charge 
density  which  can  no  more  be  neglected  when  solving  the  Maxwell  equations.  In  this  case,  the  solution  is  more 
complex  and  it  is  necessary  to  take  care  of  the  absorption  effects  (the  Berr  law). 
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ABSTRACT 

The  ability  to  accurately  measure  the  particle  size  distribution  (PSD)  of  particle  suspensions  and  dispersions  has  proven  to 
be  crucial  for  ensuring  the  success  of  a  wide  process  material  and  final  products. 

We  propose  two  optical  fiber  sensors  that  exploit  light  intensity  modulation  in  optical  fibers.  One  of  them  is  constructed  in  a 
typical  reflection-sensing  configuration  but  it  uses  the  backscattering  effect  on  particles  in  suspension.  The  other  one  is 
based  on  intensity  modulation  of  the  transmitted  light  through  optical  fibers.  In  this  case,  the  diffusing  particle  acts  as  a  tiny 
lens  deflecting  the  light  away  from  incident  beam.  Furthermore,  we  have  presented  the  theoretical  framework  concerning 
the  light  scattering  on  dielectric  spheres  (Mie  scattering)  and  colloidal  aggregates.  The  relevant  experimental  data  are  also 
shown  in  order  to  prove  the  sensors  reliability. 

Keywords:  SPOS,  fractal  structure,  Mie  scattering,  kinetic  aggregation,  particle  size  distribution,  optical  fiber  sensors 

1.  INTRODUCTION 

The  single  -particle  optical  sensing  (SPOS)  technique  was  originally  developed  for  particular  contamination  analysis. 
Particles  in  liquid  suspension  are  made  to  flow  across  a  small  "view  volume"  -  a  narrow,  slab  -  like  region  of  uniform 
illumination,  typically  produced  by  a  laser  diode.  The  flowing  particle  suspension  is  made  sufficiently  dilute  that  the 
particles  pass  through  the  "view  volume"  one  at  a  time,  thus  avoiding  coincidences.  Passage  of  a  particle  through  the  zone 
of  detection  gives  rise  to  a  signal  pulse,  the  height  of  which  depends  on  the  mean  particle  diameter  and  the  physical  method 
of  detection  -  either  light  scattering  or  light  extinction  (or  "blockage"). 

For  particles  smaller  than  about  1.3  pm,  the  method  of  light  scattering  provides  the  high  sensivity  required  for  detecting  and 
sizing  such  ultra-fine  particles.  For  particles  larger  than  about  1.3  pm,  the  method  of  light  extinction  is  preferred.  When  a 
particle  enters  the  active  "view  volume",  a  small  fraction  of  the  area  of  illumination  is  effectively  blocked.  The  optics  is 
desired  so  that  the  pulse  height  increases  monotonically  and  smoothly  with  the  particle  diameter.  The  population 
distribution  is  constructed  in  real  time  using  specialized  digital  circuits  and  software,  by  comparing  the  measured  pulse 
heights  with  a  standard  calibration  curve. 

1.1  Advantages  of  SPOS  over  ensemble  techniques 

The  SPOS  techniques  have  several  distinctive  characteristics,  which  make  them  attractive  for  a  wide  diversity  of 
applications.  The  most  obvious,  of  course,  is  its  single-particle  resolution.  The  only  technique,  which  provides  comparable 
resolution,  is  the  classical  electrozone  method. 

There  are  two  important  attributes  of  the  SPOS  method  that  allow  its  particle  size  distribution  (PSD)  results  to  be  generally 
superior  to  those  produced  by  ensemble  techniques.  First,  by  definition,  SPOS  yields  a  true  population,  or  number-weight, 
PSD.  Second,  the  PSD,  which  is  generated,  is  stable  and  reproducible.  The  particles  that  are  sized  by  SPOS  are  also 
coxmted. 

The  only  significant  disadvantage  of  the  SPOS  method  is  that  it  ceases  to  be  practical  or  effective  below  approximately  0.5- 
1  pm. 


*  Telephone:  +40-048812500;  Fax:  +40-048823679 
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2.  INTENSITY  MODULATION  OPTICAL  FIBER  SENSOR 

The  intensity  modulation  optical  fiber  sensors  are  based  on  the  physical  phenomena  like;  light  transmission  dnough  optical 
fibers,  light  reflection,  light  scattering  and  fiber  microbending.  The  main  advantages  of  the  intensity  modulation  sensors  are 
their  simplicity,  accuracy  and  the  low  price. 

A  typical  reflection-sensing  configuration  is  presented  in  figure  no.  1. 


Fig.  1.  Sensor  arrangement 

We  used  as  a  light  source  a  well-stabilized  in  intensity  laser  diode  that  emits  in  visible  spectrum.  The  detector  output  was 
transformed  into  digital  signal  by  means  of  an  ordinary  analogous-digital  (AD)  converter  (38000  sample/s  and  12  bits). 
Moreover,  the  signal  was  computer  processed  recording  both  pulse  height  and  its  time  span.  Thus,  one  measures  in  the  same 
time  the  particle  size  and  its  passage  time  through  the  "view  volume". 

One  of  SPOS  sensors  tested  by  us  exploits  the  backscattering  effect  on  the  particles  in  suspension.  In  this  kind  of 
experimental  arrangement,  detected  light  intensity  depends  on  the  distance  between  reflecting  target  and  probe  fiber.  Thus, 
the  sensing  range  for  a  pair  of  optical  fibers  was  found  to  be  of  about  40pm  ,  It  can  be  achieved  a  better  optical  efficiency 
and  an  enhanced  signal  on  detector  using  a  monomode  fiber  as  light  source  and  a  multimode  fiber  as  sensing  fiber.  An 
additional  improvement  can  be  obtained  if  the  light  source  fiber  end  is  melted  to  form  a  tiny  lens,  which  will  focus  the  light 
in  a  small  "view  volume".  We  found  this  sensor  suitable  for  colloid  PSD  measurements. 

Another  sensing  configuration  developed  by  us  is  based  on  light  transmission  phenomenon  between  two  optical  fibers  with 
the  same  optical  axis.  In  order  to  obtain  a  better  sensing  efficiency  we  chose  the  frustrated  total  internal  reflection 
arrangement.  This  configuration  has  the  advantage  to  reduce  the  internal  reflection  between  the  ends  of  fibers,  which  are 
polished  to  an  angle  of  50®  in  regard  to  optical  axis,(Fig.  no.  2) 


Light  path 


Fig.  2.  Sensor  arrangement 

Passage  of  a  particle  through  the  zone  of  detection  gives  rise  to  a  signal  pulse  due  to  light  extinction,  the  height  of  which 
depends  on  the  mean  particle  diameter.  The  maximum  sensing  range  for  this  kind  of  sensor  is  about  30  pm.  This  sensor  was 
used  with  very  good  results  for  emulsion  PSD  determinations  as  it  will  be  shown  further  in  this  paper. 

The  two  types  of  sensors  described  above  have  the  advantage  that  permits  measurements  of  PSD  without  any  disturbance  of 
the  suspension.  However,  it  is  required  that  the  suspension  concentration  to  be  reduced  enough  to  avoid  coincidences  in  the 
"view  volume".  Using  this  kind  of  sensors  it  is  possible  to  monitor  different  points  in  the  suspension  (or  colloid)  observing 
subtle  phenomena  like  local  concentration  fluctuation  or  local  kinetic  aggregation  rate.  Such  experimental  data  can  be  very 
useful  in  the  study  of  colloidal  aggregation  kinetics  and  some  results  will  be  presented  below  in  this  paper. 


793 


3.  SHORT  REVIEW  OF  MIE  SCATTERING  ON  A  SPHERE 

The  SPOS  unlike  dynamic  light  scattering  (DLS)  needs  to  compare  the  measured  pulse  heights  with  a  standard  calibration 
curve  in  order  to  obtain  particle  size.  The  most  useful  relations  for  calibration  computations  are  presented  briefly  in  the 
subsequent  paragraphs.  The  concise  Mie  considerations  presented  below  in  this  section  apply  very  well  for  emulsion  PSD 
measurements. 

Mie  scattering  calculations  are  useful  tools  in  many  science  fields  involving  scattering.  In  order  to  describe  the  scattering 
P^^^^ss  it  is  necessary  to  evaluate  the  expressions  for  the  radiation  scattered  by  a  sphere  of  radius  r  and  index  of  refi’action 
m  The  quantities  required  are 


Q„,=4i:(2n  +  l)Re(a„+b„) 

X 

Qs=.=4i(2n  +  l)(|a„  r+|b„f) 

X  n  =  l 


4  N 
8  =  ^7;— S 
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which  are,  respectively,  the  extinction  efficiency,  scattering  efficiency,  asymmetry  factor,  and  complex  scattering 
amplitudes  for  two  orthogonal  directions  of  incident  polarization.  The  phase  functions  7tn(^)  and  tn(|i)  are  expressed  in 
terms  of  Legendre  polynomials.  Size  parameter  x  is  equal  to  the  sphere’s  circumference  Inv  divided  by  the  wavelength  X. 
The  complex-valued  Mie  coefficients  an  and  bn  depend  on  x  and  the  complex  refractive  index  m=ni-i  n2.  p,  is  the  cosine  of 
the  scattering  angle. 

The  extinction  efficiency  Qext  is  defined  as  the  ratio  between  extinction  cross  section  Cgxt  and  geometrical  cross  section  of 
the  particle,  Tia^.  We  have  computed  the  extinction  efficiency  for  dielectric  spheres  with  refractive  index  m  in  the  range  1.2- 
1.7  and  particle  size  in  1-20  pm  range.  The  computational  results  are  plotted  in  figure  no.  3. 


Fig.  3.  The  mean  extinction  efficiency  Qext  and  its  standard  deviation  for  dielectric  sphere  with  m  in  the  1.2-1. 7  range  and  particle  size  in 
1-20  |Lim  range. 
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One  can  notice  from  fig.  3  that  for  x>50  the  extinction  efficiency  is  approximately  two.  Thus,  the  pulse  height,  which  is 
proportional  with  extinction  cross  section,  will  be  function  of  square  of  the  particle  diameter  for  particle  smaller  than  the 
thickness  of  the  "view  volume".  The  transmission  sensor  is  based  on  the  light  extinction  method  described  above. 

Now  we  will  describe  shortly  the  special  case  of  backscattering  on  spheres.  The  backscattered  intensity  from  spheres  is  the 
same  for  each  of  the  plane-polarized  components  of  the  incident  radiation. 

The  relation  below  gives  the  backscatter  efficiency  or  backscatter  gain 

G  =  (4/x^)|S,(cos(180"))f  (6) 

Computing  the  function  |Si(cosl80°)|^  one  observes  that  it  is  very  sensitive  to  variations  of  x  and  refractive  index  m. 
Moreover,  the  function  has  a  complex  shape  and  it  is  difficult  to  calibrate,  based  on  it,  the  experimental  arrangement.  A 
regular  behavior  is  observed  for  small  values  of  x  towards  the  Rayleigh  scattering  range.  We  have  plotted 
I  S,(cosl80‘’)  p  ((m^  +  2)/(m^  - 1))'  as  function  of  x  in  figure  4. 


X 

Fig.  4.  The  mean  value  and  the  standard  deviation  of  the  function  |  S,(cosl80°)  p  ((m^  -H  2)/(m^  - 1))^  for  dielectric  sphere  with  m  in 
the  1 .2- 1 .7  range  and  x  in  0. 1  - 1 .3  range. 

From  figure  4,  it  is  obvious  that  the  backscattering  sensor  can  be  calibrated  and  used  to  measure  the  small  sphere  diameter  if 
one  knows  the  refractive  index  m  of  the  emulsion.  Although,  the  function  shape  is  rather  simple  and  regular,  the  signal  level 
is  too  low  and  detection  becomes  difficult.  Hence,  we  did  not  use  this  type  of  sensor  for  emulsion  PSD  measurements. 

4.  RANDOM  WALK  CONSIDERATIONS 

Another  think  that  must  be  taken  into  account  is  the  flight  time  through  the  "view  zone".  There  can  be  large  particles  which 
walk  tangent  to  the  "view  volume"  giving  rise  to  fake  signal  at  the  detector.  These  fake  signals  can  be  filtered  knowing  the 
relation  between  the  mean  time  for  the  particle  to  cross  the  "view  volume"  and  its  size. 

Particles  in  liquid  suspension  carry  out  a  diffusion  motion.  The  diffusion  and  diffusive  phenomena  can  be  modeled  in  terms 
of  random  walk.  Let  p„  (r)  be  the  probability  density  for  the  location  of  an  random  walker  after  n  steps.  The  lowest  order 
approximation  to  p„(r)  furnished  by  the  central  limit  theorem  is  a  Gaussian  whose  mean  is  n<x>  and  whose  variance  is  ^ 
equal  to  c^n.  The  Gaussian  can  also  be  regarded  as  the  solution  to  a  diffusion  equation  provided  one  replaces  the  factor  2o  n 
by  4Dt,  where  D  is  the  diffusion  constanf '.  Thus,  the  linear  time  dependence  of  the  mean  squared  displacement  of  a  particle 
in  a  homogeneous  medium  is  obvious. 

The  particle  diffiisivity,  D,  is  inversely  proportional  to  the  mean  particle  radius,  r,  according  to  the  Stokes-Einstem  relation, 

D=kT/67rr|r  (^) 
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where  k  is  Boltzmann's  constant,  T  the  temperature  (K)  and  x\  the  shear  viscosity  of  the  solvent.  The  diffusion  constant,  D, 
in  aqueous  solution  at  room  temperature  is  given  approximately  by  relation  r  being  the  particle  radius. 

Exploiting  the  above  considerations  about  random  walk  we  concluded  that  mean  time  for  particle  to  cross  the  view  volume 
is  given  by  relation 


t«2-10''r  (8) 

where  r  is  the  particle  radius  in  meters.  Thus,  the  time  range  for  particle  to  cross  the  "view  volume"  extend  from  1  ms  to  50 
ms.  Therefore,  it  is  possible  to  utilize  an  AD  converter  for  detector  signal  processing.  One  has  the  possibility  not  only  to 
register  the  pulse  height  as  in  standard  SPOS  multichannel  techniques  but  the  pulse  duration.  Thus,  one  can  deduce 
supplementary  information  about  diffusion  constant  D  and  has  the  possibility  to  filter  particle  after  the  time  spent  in  the 
"view  volume"  and  to  eliminate  pulses  produced  by  particle  that  pass  tangent  to  it. 

Making  use  of  possibility  to  measure  directly  the  random  walk  time  in  the  "view  volume",  one  can  compute  the  shear 
viscosity  of  the  solvent  t}  knowing  the  particle  size. 

The  absolute  nature  of  the  method  can  be  proved  observing  the  particle  size  distribution  (PSD)  for  polystyrene  latex 
standard,  5  pm,  obtained  with  transmission  sensor  (Fig.  5).  We  can  see  that  the  size  of  standard  latex  beads  of  5pm  is 
obtained  accurately.  In  order  to  achieve  the  required  statistical  accuracy,  the  counted  particle  number  was  72400. 


Fig.  5.  Population  distribution  PSD  for  standard  latex  of  5pm  obtained  with  transmission  sensor.  The  total  particle  number  counted  was 
72400. 


5.  COLLOIDAL  AGGREGATION 
5.1.  Fractal  structure,  cluster-cluster  aggregation  model  (CCA) 

In  order  to  present  the  sensors  utilization  in  the  case  of  colloidal  aggregates,  we  will  make  a  short  review  of  the  fractal 
structure  and  the  kinetic  aggregation. 

The  clusters  produced  by  colloidal  aggregation  appear  universally  to  possess  dilation  symmetry  and  this  property  is  typical 
for  fractal  structures  ’  \  There  are  two  natural  length  scales  that  can  be  associated  with  each  aggregate,  the  radius  of  the 
individiial  particles,  a,  and  the  size  of  the  whole  cluster,  R.  However,  the  structure  of  the  aggregates  is  invariant,  in  a 
statistical  sense,  under  any  scale  change  between  these  two  characteristic  lengths.  Thus,  the  mass  of  the  clusters  scales  with 
their  characteristic  size  as  where  Df  is  the  fractal  dimension  typically  non-integer  and  less  than  the  Euclidean 

dimension  of  the  space 
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(9) 


In  addition,  the  mass-mass  correlation  function  within  the  cluster  also  exhibits  power  law  behavior, 

c(r)»r-“ 


where  a=d-Df. 

Let's  suppose  a  particular  case  when  energy  barrier  between  individual  clusters  is  very  small,  Eb«kBT,  so  diffusion  is  the 
only  phenomenon  limiting  the  aggregation  kinetics.  This  specific  situation  is  described  by  cluster-cluster  aggregation  model 
(CCA)  *  The  cluster-cluster  aggregation  model  is  one  of  the  most  studied  problems  of  fractal  growth  because  it 
describes  a  large  amount  of  interesting  physical  phenomena  in  the  field  of  colloids,  polymer  solutions  and  gels.  The  CCA 
model  is  usually  defined  on  a  square  lattice  with  periodic  boundary  conditions  in  which  N  initial  particles  are  distributed 
randomly.  These  particles  diffuse  by  performing  a  Brownian  motion  on  the  lattice  and,  if  they  occupy  adjacent  sites  at  a 
given  time,  they  stick  irreversibly  and  give  rise  to  larger  clusters.  The  classical  understanding  of  CCA  focuses  on  the  mean 
distribution  as  given  by  the  mean-field  Smoluchowski  equation*®’.  In  this  equation,  the  approximation  used  is  to  neglect  the 
space  dependencies  of  all  physical  quantities,  so  it  cannot  provide  any  information  about  the  geometrical  characteristics  of 
clusters  i.e.,  the  fractal  dimension.  The  value  of  the  fractal  dimension  of  clusters  obtained  fi-om  computer  simulation  is 

D^l . 7510.05  (d=3)  (10) 


where  d  is  space  dimension. 

An  important  amount  of  information  on  the  CCA  process  is  given  by  the  knowledge  of  the  mass  distribution  of  the 
aggregates,  both  as  a  function  of  time  and  in  the  steady-state  regime.  One  can  numerically  find  how  the  mean  cluster-size 
increases  with  time  and  even,  more  precisely,  how  the  entire  cluster-size  distribution  evolves.  The  cluster  size  distribution 
i.e.,  the  number  of  clusters  of  i  particles,  ni,  can  be  written  under  the  reduced  form 

ni«r'f(i/<i>)  (11) 

where  f(x)  is  the  scaling  function  and  is  independent  of  time.  One  finds  that  the  mean  cluster-size  varies  as  a  power-law 
with  time: 


<i>«f  (12) 

where  exponent  y  depends  on  the  exponent  a  and  on  the  dimension  of  space.  The  exponent  a  was  introduced  as  a  starting 
parameter  in  the  cluster-cluster  model  and  specifies  how  the  velocities  of  the  clusters  vary  with  their  mass,  vj^i  .  The 
parameter  a  has  no  effect  over  fractal  dimension  of  the  aggregates,  but  has  a  direct  influence  on  the  kinetics  and  the  size 
distribution  function.  Jullien  and  Botet  have  shown  that  the  reduce  size  distribution  function  is  given  by: 

f^(x)  =  x-^V-^“''  (13) 

with  2ci)=a+(d-2)/Df  smaller  than  one.  After  long  enough  time,  the  time  dependence  ni(t)  disappears  and  we  observe  a 
power-law  behavior^’ 

ni«i-^  (14) 

This  is  actually  the  behavior  predicted  by  the  Smoluchovski  theory. 

5.2.  Light  scattering  on  fractai  aggregates 

The  scattered  light  intensity  can  be  obtained  starting  from  the  fractal  correlation  function  of  the  particle  centers.  The 
correlation  function  must  be  multiplied  by  a  function  g(r/R)  that  accounts  for  the  finite  extent,  R,  of  the  cluster.  Function 
g(x)  has  the  property  that  g(x)~0  for  x>l  and  g(x)~const.  for  x<l.  Thus,  one  obtains  for  the  correlation  function 

c(r)=  r-“g(r/R)  (15) 
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The  scattered  intensity  is  proportional  with  Fourier  transform  of  the  correlation  function.  It  is  given  for  q»l/R  by 
relation^ 


and  for  q«l/R  (Guinier  regime) 

S(q,R)«(qR)-°f 

(16) 

S(q,R^)  =  exp(-q'R^/3) 

(17) 

where  q-(47t/X)sin(0/2)  is  the  modulus  of  the  scattering  vector  and  is  the  cluster  radius  of  gyration.  Of  course  one  need  to 
take  into  accoimt  the  fact  that  imlike  the  DLS  techniques  the  correlation  function  is  computed  over  a  single  cluster  and  not 
over  a  statistical  ensemble. 

We  have  chosen  to  use  backscattering  sensor  since  one  can  calibrate  easily  the  sensor  and  data  analysis  does  not  require 
mathematical  manipulation. 


The  relation  (16)  is  valid  in  case  of  backscattering  sensor  for  entire  range  of  measurements  i.e.,  l/qsi0.2«l-20  pm. 
Furthermore,  the  light  scattered  intensity  for  the  cluster  is  given  by  relation 

I(q)»M'S(q,R)  (18) 


Bearing  in  mind  that  M~R°*^,  equation  (18)  becomes 


I(q)»lV[q°‘'  (19) 

Consequently,  it  can  be  measured  the  aggregate  mass  or  cluster  size  making  use  of  equation  (19)  and  knowing  the  aggregate 
fractal  dimension  Df.  The  fractal  dimension  of  the  aggregates  Df  can  be  obtained  experimental  by  means  of  usual  light 
scattering  techniques. 

We  used  backscattering  sensor  for  PSD  determination  of  an  Agl  colloid.  The  colloidal  state  corresponding  CCA  model  has 
been  achieved  adding  a  salt  into  colloid  that  has  increased  the  electrostatic  screening  and  reduced  the  energy  barrier.  Fractal 
dimension  of  the  aggregates  has  been  obtained  using  light  scattered  methods  and  is  in  accord  with  the  value  resulted  from 
the  computer  simulation  (1.72+0.05)  ’  ’  .  We  have  waited  long  enough  until  the  particle  size  distribution  has  reached 

the  steady  state  behavior  described  by  equation  (14).  The  experimental  data  are  plotted  in  figure  6  and  they  follow  clearly 
the  expected  behavior.  The  number  of  particle  counted  is  sufficiently  large  that  the  statistical  fluctuation  is  negligible.  The 
shape  of  PSD  obtained  corresponds  to  a  power  law  with  exponent  equals  to  -3.44±0.05»-2Df.  We  notice  a  very  good  accord 
with  CCA  model  predictions. 


Fig.  6.  The  PSD  obtained  for  Agl  colloid.  The  slope  is  equal  to  -3.44±0.05«-2Df  and  it  satisfies  the  CCA  model  predictions. 
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6.  CONCLUSIONS 


The  SPOS  is  ideal  for  measuring  the  detailed  structure  of  the  PSD.  In  the  case  of  mostly  submicron  emulsions,  this 
includes  quantitative  determination  of  the  population  of  oversized  primary  particles  or  aggregates,  located  well  above  the 
mean  diameter.  The  only  significant  disadvantage  of  the  SPOS  method  is  that  it  ceased  to  be  practical  or  effective  below 
approximately  0.5-1  pm,  depending  on  the  specific  application  in  question. 

The  particles  that  are  sized  by  SPOS  are  also  counted.  Hence,  the  absolute  particle  volume  contained  within  a  given  range 
can  be  determined  easily  and  with  high  accuracy. 

The  sensing  arrangements  presented  in  this  paper,  although  not  clearly  mentioned,  can  work  with  autodilution  method.  The 
computations  and  experiment  recommend  the  transmission  sensor  as  well-suited  for  emulsion  PSD  detemination  while  the 
backscattering  sensor  gives  best  results  in  colloid  PSD  measurements.  We  preferred  to  use  the  sensors  directly  immersed  in 
solution  in  order  to  avoid  suspension  disturbance.  Besides,  one  acquires  spatial  information  about  suspension  locating 
sensors  in  different  points  in  solution  volume.  This  kind  of  sensors  can  be  used  to  monitor  different  kinetic  processes  and  to 
get  subtle  information  about  local  fluctuation  of  particle  size  and  concentration.  Thus,  the  sensors  described  above  are 
useful  research  tools  for  a  wide  diversity  of  phenomena  especially  in  the  submicron  particle  field. 
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ABSTRACT 

This  stu^  present  the  result  of  the  application  of  remote  sensing  techniques  to  the  seismic  area  analysis  and  monitoring. 
Remote  sensing  methodology  and  field  studies  of  active  faults  can  provide  a  geologic  history  that  overcomes  many  of  the 
shortcoi^gs  of  instrumental  and  historic  records.  We  present  the  result  of  comparing  ERS-1  and  optical  data,  and  we 
analyze  if  Ae  structural  inventory  (faults,  lineaments)  can  be  traced  more  accurate,  by  the  help  of  ERS-1  data.  First  results 
show  that  lineaments  in  Landsat-TM  images  appear  denser  in  shorter  distances  whereas  ERS-1  images  are  HnminatpH  by  the 
principal  structures. 

Keywords:  remote  sensing  techniques,  geologic  applications,  lineaments,  seismic  activity 

1.  B^RODUCTION 

Geology  and  geomorphology  are  between  the  applicative  disciplines  most  interested  in  remote  sensing  in  general.  The 
interest  and  efiSciency  of  satellite  remote  sensing  techmques  can  be  appreciated  by  their  contribution  to  the  fundamental 
knowledge’s  in  applicative  sciences.  The  Earth’s  sciences  regard  the  processes  and  multi-temporal,  multi-scale  objects  that 
can  be  analyzed  first  at  the  elementary  level. 

It  was  proven  the  utility  of  remote  sensed  tmages  in  major  applications  as  oil  and  mineral  exploration,  hydrology,  geologic 
hazards  (seismic  hazards,  faults,  volcanoes,  floods,  soil  erosion)  and  land  use. 

Geologists  have  used  aerial  photographs  for  decades  as  data  bases  on  which  to  rock  units  (stratigraphy),  shufy  the 
expression  and  modes  of  origin  of  landforms  (geomorphology),  determine  the  structural  arrangements  of  disturbed  strata 
(folds  and  faults),  evaluate  dynamic  changes  from  natural  events  (floods,  volcanic  eruptions),  and  seek  surface  clues  (such 
as  alteration  and  other  signs  of  mineralization)  to  subsurface  deposits  of  ore  minerals,  oil  and  gas,  and  groundwater.  With 
the  advent  of  sateUite  imagery,  geoscientists  now  can  extent  that  use  in  two  important  w^s: 

1.  large  area  or  synoptic  coverage  allows  them  to  examine  (in  single  scenes  or  in  mosaics)  the  geological  portrayal  of  the 
Earth  on  a  regional  basis; 

2.  analyze  narrowly  defined  spectral  bands  quantitatively. 

These  quantitative  analyses  can  be  carried  out  in  terms  of  numbers  either  raw  digital  counts,  (DNs),  radiance  and 
reflectance. 

These  special  computer  processing  routines  can  merge  different  ^pes  of  remote  sensing  products  (reflectance  images  with 
radar  or  with  thermal  imagery)  or  combine  these  with  topographic  elevation  data  and  with  other  kinds  of  information 
(thematic  in^is,  geophysical  measurements,  chemical  sampling  surveys).  While  these  new  space-based  approaches  have  not 
yet  revolutionized  the  ways  in  which  geoscientists  conduct  their  field  studies,  th^f  have  proven  to  be  indispensable 
techmques  for  improving  the  mapping  process  and  carrying  out  practical  exploration  for  natural  resources  on  a  grand  scale. 


♦Correspondence;  E-mail:  caifri@valioo.com:  Fax:  423.25.32;  Tel:  780.66.40 
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2.  SEISMIC  CARACTEMZATION  OF  ROMANIAN  THERTTORY 

An  earthquake  is  a  very  conq)lex  physical  phenomenon,  characterized  by  a  chaotic  and  violent  movement  of  earth 
superficial  layers,  and  because  of  his  devastating  consequences  on  peoples  and  material  assets  it  represent  one  of  the  biggest 
natural  calamity  known  in  our  days.  Because  of  their  unforeseeable  appearance  and  generating  causes,  men  couldn’t  control 
the  parrtiqiialrpg  which,  in  a  very  short  period  of  time,  can  produce  huge  damages  and  disasters  on  works  that  took  centuries 
for  men  to  build  up. 

The  alpino-chaipatian  region  represents  63  %  of  Romanian  territory  and  consists  of  mounteinous  areas  (Carpatii  Orientah, 
Carpatii  Meridionah,  Apuseni  mountains),  bounded  depressions  (Avanfosa  Carpatica,  intermountain  depression  of 
Transilvania,  the  esteam  limit  of  Panonian  Depression). 

From  the  point  of  view  of  plate  tectonics,  the  Moldova  platform  represents  the  edge  of  the  euro-asiatic  plate,  the  Moesian 
platform  is  a  sub-plate  placed  in  front  of  Carpathian  and  Balkan  Mountains,  the  Transilvania  s  depression  is  a  sector  of  a 
inter-alpine  sub-plate,  continued  the  edge  of  Panonic  Depression  (Fig.  1). 


Fig.  1  Nei^bours  of  Moldavian  platform 

The  most  important  epicentre  zone  of  Romania  is  the  Vrancea  region,  characterised  by  the  firequent  production  of 
intermediate  depth  earthquakes  (90-180  km),  the  most  frequent  been  at  130-150  km. 


801 


The  position  of  Viancea  epicentre  zone  is  related  to  the  sub-crust  processes,  whose  character  results  indirectly  from  the 
regional  geologic  structures,  which  agrees  with  the  idea  of  heterogeneity  of  ea^’s  crust.  Indication  about  this  are  given  hy: 
the  emphasised  curve  of  the  Carpati  Qrientali; 

the  feet  that  in  front  of  the  S  W  comer  of  east-European  platform  intersect  two  lineaments  with  continental  dimensions  - 

Podolic,  direction  NW-SE,  and  Tetys  direction,  oriented  SW; 

the  extension  to  SE  of  the  neogenic  volcanic  chain  crosses  the  same  region; 

the  identification  of  a  major  change  in  the  distribution  of  gravitational  anomalies. 

In  this  situation  it  looks  normal  the  position,  on  seismic  plane,  of  earthquakes,  and,  on  stmctural  level,  of  a  tendency  of  axial 
plunging  of  old  geologic  stractures. 

Fig.  2  present  a  Landsat  (TM4/TM2/TM1)  image  of  Vrancea  region. 


Fig.  2  Landsat  (TM)  image 


3.  THE  USE  OF  REMOTE  SENSING  TECHNIQUES  FOR  SEISMIC  STUDIES 

The  main  use  of  remote  sensing  techniques  m  geologic  exploration  is  based  on  a  landscape  analysis  with  methods  inherited 
fix)m  lAoto-geology.  Remote  sensing  techniques  allows  the  disciimmation  of  geologic  objects  and  en:q)hasises  some 
singulkities. 
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Remote  sensing  techniques  are  a  set  techniques  that  differentiate  by  vector  type  (plane,  satellite  or  space  sWp),  the 
acquisition  way  (analogical  or  numerical,  active  or  passive),  spatial  resolution,  spectral  domain,  and  the  observed  surface. 

Having  in  view  the  number  of  satellites  in  orbit,  geologists  have  a  certain  freedom  in  choosing  the  data  type  best  suit^  to 
solve  their  iffoblems.  There  are  a  number  of  criterions  that  can  guide  this  choice.  First  of  all,  there  are  generm  ortenons, 
geographic  and  climateric,  studied  surface,  scale.  There  are  also,  thematic  criterions,  apphcation  type,  and  studied  radices. 

There  are  some  examples  that  can  guide  the  choice  of  data  type:  ,  ,  j 

-  when  the  study  area  is  big  and  the  scales  are  of  the  order  1/500000  or  1/250000,  the  proper  data  are  Landsat  TM  and 

MSS  data;  , , 

-  when  the  area  is  smaU  or  medium,  and  the  scales  of  the  order  1/100000,  1/50000  or  1/25000,  is  reasonable  to  use 

SPOT-HRV  (20  m  resolution)  or  Landsat  TM  data  (30  m  resolution);  .  ^  , 

-  if  the  research  is  based  on  a  wide  ^tral  range  form  blue  to  thermal  IR,  then  the  TM  data  are  well  smted.  After  the 
nature  of  searched  objects,  the  specificity  of  spectral  bands  is  as  follows: 

•  band  1  (0.45-0,52  pm):  penetrate  water,  materials  in  suspension,  soil-vegetation; 

•  band  2  (0,52  -  0,60  pm):  vegetation  strength; 

•  band  3  (0,63  -  0,69  pm):  structural  analysis; 

•  band  4  (0,76  -  0,90  pm):  vegetation  stress  assessment  determined  by  geologic  phenomenon,  detection  of  iron  oxides; 

•  band  5  (1,55 -1,75  pm):  indices  ofvegetation  and  soil  water  content; 

•  band  6  (10,40  -  12,50  pm):  discrimination  of  silicate  and  non-silicate  rocks,  soil  water  content,  vegetation  stress 
assessment; 

.  band  7  (2,08 -2,35  pm):  discrimination  of  some  rock  types.  .  .  curix 

When  the  research  ne^  a  three-dimensional  observation,  the  only  space  source  is  the  HRV  instrument  on  sFUl 

satellite,  which  allows  the  acquisition  of  a  stereoscopic  couple;  ... 

When  the  stuify  is  placed  in  a  ei^torial  area  or  with  a  big  nebulosity,  the  acqmsition  characteristics  m  any  moment  ot 

radar  makes  of  him  a  privileged  instrument  (ERS-1,  2,  RADARSAT). 

Until  now,  the  methods  for  investigating  the  earth  movements  were  based  on  photo  mterpretation,  used  as  a  cornpletion  of 
in  Hsitu  measurements.  Remote  sensing  techniques  were  little  used  because  the  spatial  data,  before  SPOT  satellite  was  on 
orbit,  didn’t  have  the  needed  characteristics,  their  spatial  resolution  not  been  consistent  with  the  pbcel  dimension  (MSS), 
where  the  system  doesn’t  allow  stereoscopic  acquisition  (TM). 

A  new  method,  called  “Q  &  D”  method,  was  developed  for  earthquake  prediction  in  China.  The  data  from  the  thermal  mfia- 
red  rtiaimpiU  of  AVHRR  instrument  undergoes  density  slicing  to  determine  the  brighmess  temperature  and  then  undCTgoes 
geometric  correction  using  information  on  the  atmospheric  temperature  and  pressure.  The  data  is  then  geo-referenced  and 
calibrated  in  order  to  produce  a  thermal  infra-red  map.  Analysis  of  these  maps  is  performed  in  order  to  identify  tem^rature 
anomalies  which  may  be  indicative  of  future  earthquake  activity.  From  an  anomaly’s  character,  the  time,  location  and 
magnitude  of  an  earthquake  may  be  predicted. 

The  main  steps  of  the  process  are  as  follow: 

-  identify  isolated  area  of  thermal  infia-red  increase; 

-  trackthedirectionofthedevelopmentandmovementofthethermalinfia-redincreasearea;  .  .  .  „ 

-  identify  the  temperature  increase  phenomenon  as  a  p-ecursor  of  earthquake  by  taking  into  consideration  the  effects  of 

topography,  geotectonics  and  present  tectonics  stress  field;  ,  j. 

-  provide  a  three  element  prediction  (earthquake  time,  location  and  magnitudeO  by  considermg  the  distribution  of  active 
fractures  and  seismic  belts. 

In  Fig  2  we  can  see  the  lineament  present  in  the  Vrancea  region  image,  which  we  obtained  with  an  edge  detection  algorithm 
(Sobel  algorithm). 
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Fig.  3  Edge  detection  on  the  iniage  of  Vrancea  region 


4.  CONCLUSIONS 

Satellite  data  in  the  <^tical  range  (visible  —  IR)  supplied  by  Landsat  MSS  and  TM  sensors^  as  well  as  those  from 
microwave  domain,  supplied  by  ERS-1&ERS-2,  SPOT,  JERS,  etc,  &cilitate  geological  structure  analysis  and 
allow  the  surveillance  of  global  and  regional  feults.  Satellite  remote  sensing  images  allows  the  seismo^ectonic 
n^s  up-dating,  on  areas  with  a  high  risk  of  earthquakes:  deep  and  young  quasi-tectonic  feults,  the  change  of  the 
direction  of  movement  of  tectonic  plates,  etc. 


Hie  conqiarative  analyse  of  these  images  in  different  spectral  domains,  conqileted  with  geologic  and  geophysical 
information  allow  the  seismic  risk  assessment.  It  is  then  necessary  to  create  an  integrated  system  of  satellite  date, 
completed  with  geologic  information,  for  monitoring  the  spatio-temporal  evolution  of  seismo-tectonic 
phenomenon’s,  with  the  purpose  of  fecilitating  the  identification  of  vulnerable  area,  possible  earthquakes 
generators,  as  a  result  of  gradual  gain  of  tension  due  to  tectonic  plate  and  sub-plate  movement. 
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ABSTRACT 

In  digital  imagery,  picture  elements  which  contain  two  or  more  land  cover  classes  are  called  mixed  pixels.  Small  strips  or 
patches  of  woo<fy  vegetotio^  typicd  landscape  features  in  many  Arming  areas,  are  frequently  not  detected  by  standard 
computer-assisted  classification  of  digital  imagery  because  such  landscape  features  are  smaller  than  the  pixel  size  of  the 
image  and  are  mixed  with  other  classes. 


Development  of  advanced  techmques  for  improving  remote  sensing  image  classification  accuracy  is  essential  for  deriving 
reliable  land  cover  i^ormation  for  natural  resource  ^iplications.  Artificial  neural  networks  are  among  the  optimal  tools  for 
this  type  of  applicatioa  Neural  network  techniques  were  developed  for  processing  two  dates  of  Landsat  TM  data,  and  a 
mea^  of  image  texture  for  the  purpose  of  deriving  more  accurate  land  use  and  land  cover  information.  Classification 
re^ts  denved  from  the  neural  Mtwork  approach  overall  were  nearly  10%  more  accurate  than  those  derived  previously 
using  a  conventional  maximum  likelihood  approach. 

Keywords:  artificial  neural  networks,  remote  sensing,  classification,  land  use,  land  cover,  filtering 


1.  INTRODUCTION 

The  general  objectives  of  this  p^r  were  to  describe,  demonstrate  and  test  the  capability  of  artificial  neural  networks  for 
sateUite  unage  classification  of  forest  areas.  For  this  paper  we  have  used  two  Landsat  images  and  one  SAR  image. 

Artificial  neural  networks  can  be  seen  as  highly  parallel  (fynamical  systems  consisting  of  imilfiple  imirg  that  can  perform 
transformations  by  means  of  their  state  response  to  their  input  transformation.  How  the  transformation  is  carried  out 
depends  on  the  neural  network  model  and  its  way  of  learning  the  transformation.  Neural  networks  learn  by  examples. 
Usually,  a  neural  network  is  presented  iteratively  with  a  set  of  samples,  known  as  the  training  set,  from  which  the  network 
can  learn  the  values  of  its  internal  parameters. 

A  lot  of  effort  has  been  done  in  laying  the  theoretical  foimdations  of  neural  networks  and  the  links  between  statistical  and 
neural  methodologies.  There  are  some  approaches  that  differentiate  neural  networks  and  statistical  methods; 

•  problems  and  model  complexity 

•  goal  of  modeling 

•  no  assumption  about  data  distribution/robustness  and  quali^  of  prediction  estimates 

There  are  at  least  four  main  aspects  that  should  be  considered  in  any  neural  network  plication; 

1.  preparing  the  data; 

2.  designing  the  network  architecture; 

3.  estimating  the  parameters,  i.e.  training  a  network  for  a  given  problem; 

4.  assessing  the  p^ormances  of  the  network. 
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2.  TEST  SITE  DESCRIPTION 


The  ecological  potential  of  Bucharest  and  especially  of  the  Dfov  county  allows  the  development  of  differrat  vegetal 
associations,  which  can  be  integrated  to  the  deciduous  forests  zone.  Human  activities  l^d  to  the  rq)lacement,  on  large  areas, 
of  the  naturk  vegetation  with  agriculture  cultures,  buildings,  etc.  The  studied  zone  is  situated  in  the  east  of  Ilfov  coimly, 
represented  by  “islands”  of  oak  forests,  which  alternate  with  cultivated  areas.  The  Cemica  forest,  situated  in  the  north-east 
of  Bucharest  was  chosen  taking  into  consideration  that  we  were  iitierested  to  follow  the  changes  of  a  deforested  zone 


Fig.  1  Initial  image  of  Cemica  forest 

3.  DATA  AND  DEVICES  USED 

In  order  to  better  manage  all  the  information  available  on  the  stvufy  area,  data  acquired  have  been  integrated  in  a  unique 
This  information  consists  of  thematic  maps  from  cartography,  land  use  map  from  classification  of  remotely  sensed 
data  and  grotmd  radiometric  profiles. 

-  The  stu(fy  used  two  Landsat  TM  data  of  20/08/93  and  two  ERS-1  SAR  data  of  27/04/93.  The  ERS-1  image 
was  acquired  in  PRI  format  and  Landsat  TM  image  at  “system  corrected”  level. 

-  Topographic  maps  over  the  selected  area. 

-  TITAN  3000  Super  computer,  running  PCI  -  EASI/PACE  software. 

4.  INPUT  DATA  AQUISmON  AND  PREPROCESSING 


4.1  Registration 

The  registration  and  geocoding  were  first  carried  out  between  existing  maps  (topographic  maps)  and  the  Landsat  TM  data.  It 
was  produced  by  digitizing  (collecting)  ground  control  points  -  GCP’s  on  the  maps  and  on  the  TM  data.  M  GCT  s  were 
used  for  the  third  order  polynomial  coefficient  calculations,  with  cubic  convolution  as  resampling  method.  The  RMS  error 
was  0,71  pbcel.  The  relative  accuracy  of  the  geocoding  was  verified  by  scanning  parts  of  the  topographic  maps  and 
svqierimposing  TM  band  4  on  them 
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The  ERS-1  SAR  PRI  data  registration  was  done  in  two  steps.  One  image  was  chosen  as  reference.  Due  to  the  very  good 
geometry,  only  translations  in  X  and  Y  directions  were  necessary  to  achieve  a  satisfactory  fit.  Since  the  ERS-1  satsilitP!  has  a 
very  stabile  orbit,  images  from  repetitive  orbits  can  be  registrated  with  only  few  match  points. 

Difficulties  were  encountered  at  the  second  step,  during  the  ERS-1  SAR.PRI  data  geocoding,  in  identify  enough  GCP’s.  For 
this  reason,  the  topographic/SAR  tmage  GCP  collection  was  difficult  despite  the  topographic  maps  recently  updated.  18 
GCP’s  were  selected  with  RMS  error  of  0,73  pbrel. 

Finally  the  ground  radiometric  profiles  were  included  into  the  database  by  using  a  registration  between  known  points  on 
map  and  users  coordinates. 

4.2  Speckle  filtering 

From  the  h^t  TOherency  theory,  the  probability  density  function  (pdf)  of  an  image  of  pure  speckle  is  an  exponential 
decreasing  fimction.  The  mean  and  the  standard  deviation  of  this  pdf  are  identical  and  thus  the  coefficient  of  variation 
Cfi  =  cr/p  is  equal  to  unity.  Cj*  represent  a  certain  measure  of  the  image  homogeneity  and  can  be  used  as  a  textural  index. 
However,  the  convolution  of  sin^e  looks  (three  looks  in  SAR.PRI)  changes  the  exponentially  decreasing  pdf  to  a  fiamma 
function.  In  most  cases  a  multiphcative  speckle  model  is  assumed.  Different  methods  have  been  tested  on  the  selected  zone. 

The  Lee  filter  is  an  adaptive  filter  based  on  different  noise  models.  The  Lee  filter  for  multiplicative  noise  has  for  the 
resulting  gray  level  value  R  of  the  smoothed  pixel  the  following  implementation: 

R  =  \  +  K{CP-UI)  (1) 

where 

K  =  \-{MVARIU^)I(QVARII^)  (2) 

The  multiphcative  noise  variance  is  calculated  from  local  statistics  in  the  filter  window:  MVAR  =  (SD/I)^.  The  value  of 
mean  mult^hcative  noise  is  usually  1.  QVAR  is  the  variance  of  filter  window,  I  is  the  mean  gray  level  in  the  filter  window, 
U  is  the  mean  multiphcative  noise,  CP  is  the  central  pixel  in  filter  window,  MVAR  is  the  multiphcative  noise  variance  and 
SD  is  the  standard  deviation  of  the  noise  in  the  filter  window.  The  results  are  presented  in  Figure  lb. 

Frost  filter  uses  an  adaptive  filtering  algorithm  which  is  an  exponentially  damped  convolution  kernel  which  adapt  itself  to 
features  by  using  local  statistics.  The  adaptive  filter  computes  a  set  of  weight  values  for  each  pixel  within  the  filter  window 
surround^  each  pixel.  The  Frost  filter  differs  fixim  the  Lee  filter  with  respect  that  the  scene  reflectivity  is  estimated  by 
convoluting  the  observed  image  with  the  impulse  response  of  the  SAR  system.  The  impulse  response  of  the  SAR  system  is 
obtained  by  minimizing  the  mean  square  error  between  the  observed  image  and  the  scene  reflectivity  model  which  is 
assumed  to  be  an  auto-regressive  process.  The  damping  factor  for  adaptive  filtering  depends  on  the  non-filtered  image  and 
require  trial-an-error  experiments  to  determine  the  best  value.  The  results  are  presented  in  Fig.  2.c. 


Fig.  2  Results  of  filtering  algorithms 
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5.  DATA  ANALYSIS 


5.1  Optical  data  calibration 

Rectifyiiig  image  data  to  remove  as  much  as  possible  the  degradmg  effects  of  the  atmosphere  entails  modeling  the  scattering 
and  absorption  processes  that  take  place  and  establishing  how  this  determine  both  the  transmittances  of  the  various  paths 
and  the  different  components  of  sky  irradiance  and  path  radiance.  When  available  this  can  be  used  to  relate  the  digital  count 
values  given  for  the  pkels  in  each  band  of  data,  to  the  true  reflectance  of  the  surface  being  imaged.  A  method  to  estimate 
the  reflectance  R  is  described  by  Richards  [1]  for  the  case  of  Landsat  MSS  data.  It  needs  the  atmospheric  conditions  - 
temperature,  relative  humidity,  atmospheric  pressure,  visibility  -  at  the  time  of  overpass.  Froster  [2]  gives  source  naaterials 
and  tables  to  assist  in  the  computations.  We  have  used  the  same  algorithm  for  the  Landsat  TM  data. 

5.2  Optical  data  classification 

Maximum  Likelihood  was  the  first  method  used  in  order  to  classify  the  Landsat  TM  data.  The  results  of  this  classification 
are  used  as  a  reference  image  for  the  neural  network  ai5>roach.  The  classification  results  are  presented  in  Fig.  3. 


Fig.  3  Unsupervised  classification 


5.3  Neural  network  classification 

One  of  the  first  papers  to  appear  in  the  hterature  concerning  the  apphcation  of  neural  networks  in  the  analysis  of  remotely 
sensed  was  published  by  Key  et.  al.  They  described  a  system  to  classify  merged  5-channel  AVHRR  data  and  2- 
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ch^el  SMMR  data  over  Arctic  regions  into  four  regions  and  eight  cloud  classes  using  back-propagation  neural  networks 
Ibey  compared  their  results  to  those  from  a  maximum  likelihood  procedure  and  manual  interpretations  and  discussed  the 
vanous  ments  and  drawbacks  of  neural  networks. 

Gualtieri  and  Withers  and  Kamagar-Parisi  et  al.  Described  a  second  important  application  of  neural  networks  in  remote 
%nsmg.  clustering  of  multi-spectral  data  and  indicated  the  potential  of  these  approaches  for  rlnRtmng  very  high- 
dmensional  i^ery  such  as  from  ima^g  spectrometers.  Kagamar-Parisi  et  al.  used  the  Hopfield  model  of  neural 
networks  to  periomi  clustering  in  a  multidimensional  feature  space. 

Fooc^t.  al  employ^  neural  networks  trained  with  the  back-propagation  algorithm  to  classify  agricultural  crops  from  SAR 
dam.  Then-  results  show  that  m  general  neural  networks  perform  better  than  statistical  classifiers.  However  when  a  priori 

mformafion  about  class  occurrence  was  available  to  the  discriminate  analysis  the  performance  of  both  melliods  was 
comparable. 

Ne^  networks  are  comput^onal  systems,  either  hardware  or  software,  which  mimic  the  computational  abilities  of 
biological  systems  by  using  simple,  interconnected  artificial  neurons.  A  neuron  is  the  fimdamental  building  block  of  the 
nervous  system.  Artifiaal  neurons  are  simple  emulations  of  biological  neurons.  They  take  input  information,  perform  very 
sunple  operations  on  this  data,  and  selectively  pass  the  results  on  to  other  artificial  neurons. 

The  b^k-propagation  network  (or  back-j^opagation  perceptron)  is  probably  the  most  well  known  and  widely  used  neural 
network  sy^^The  term  “back-propagation”  refers  to  the  training  method  by  which  the  cormection  weights  of  the  network 
are  adj^ed.  The  back-propagation  network  is  a  type  of  multilayer  feed-forward  network.  Other  types  of  feed-forward 
networks  are  the  perceptron,  the  ADALINE  and  MADALINE  networks,  the  Boltzmann  machine,  and  the  Cauchy  Machine. 

The  neural  network  programs  NNCREAT,  NNTRAIN,  and  NNCLASS  process  for  multi-spectral  image  based 

on  teu^g  sites.  The  neural  network  classifier  provides  an  alternative  to  using  the  maximum  likelihood  classifier  program 
(MLC)  and  other  classifiers  from  the  PACE  Multispectral  Analysis  package.  Neural  network  classifiers  process  imagery  by 
pattern  recogmhoa  The  programs  use  o  back-propagation  network  that  learns  using  the  Generalised  Delta  Rule. 

NNC^AT  creates  and  initializes  a  new  neural  network  segment  for  back-propagation  neural  network  processing  This 
neural  network  segment  can  be  trained  to  recognize  classes  with  the  NNTRAIN  program.  Once  the  neural  network  has  been 
^ed.  It  can  be  used  to  classify  imagery  with  the  NNCLASS  program.  The  NNREP  program  is  used  to  produce  a  report 
for  a  neural  network  segment. 


NNTRAIN  trains  an  existing  neural  network  segment  created  by  NNCREAT  for  back-propagation  neural  networic 
processmg  using  sample  data  frorn  trai^g  sites.  When  the  neural  network  training  reaches  a  specified  Tnavimiim  acceptable 
error  or  the  maximum  number  of  iterations,  training  terminates.  NNCLASS  would  use  the  trained  neural  network  to  classify 
the  image. 

Back-propagation  neural  networks  need  to  be  trained  to  learn  the  irqmt  patterns  of  interest.  When  the  neural  network 
segment  is  first  created  NNCREAT ,  the  wei^ts  for  the  inter-unit  connections  are  initialized  to  random  values  in  the 
range  of  -0,5  to  +0,5.  If  a  classification  wiU  be  performed  with  NNCLASS  before  training  the  neural  networic  with 
NNTRAIN,  the  classification  results  would  be  completely  random.  (NNCLASS  does  check  the  number  of  training  iterations 
and  will  not  run  if  the  neural  network  is  untrained). 

Typically,  back-propagation  neural  networks  require  a  number  of  iterations  (100  to  1000)  before  the  interconnection 
weights  stabilize  enough  to  recognize  the  input  patterns.  If  NNTRAIN  exits  when  the  specified  number  of  iterations 
(MAXTT)  have  run  and  the  specifi^  en  or  (MAXTERR  or  MAXIERR)  has  not  been  met,  then  the  network  may  have  to  be 
trained  again  with  NNTRAIN.  ff  it  still  does  not  converge,  the  neural  network  may  have  to  be  redefined  (using  different 
i^ut  chatmels,  more  accurate  bitmaps,  more  input  and  hidden  umts,  or  more  samples).  The  learning  and  momentum  rates 
affects  how  quickly  the  neural  network  stabilizes.  A  hi^  learning  rate  (0,9)  would  converge  quiddy,  but  may  exit 
prematurely.  A  low  learning  rate  (0,1)  would  take  more  iterations  to  train,  but  should  not  exit  (aematurely. 

NNCLASS  classifies  multispectral  imagery  using  a  back-propagation  neural  network  created  by  the  NNCREAT  program 
and  trained  by  program  NNTRAIN.  The  classification  results  are  presented  in  Fig.  4. 
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^  cullnari; 
jST'  eul-fcurl2 
cMlturiS 

Fig.  4  Neinal  network  classificatian 


6.  CONCLUSIONS 

The  p^3er  has  demonstrated  the  possibility  of  classifying  remote  sensed  images  from  different  sources  by  using  back- 
propagation  neural  network  based  processing  techniques.  For  this  reason  we  have  developed  a  methodology  for  automatic 
classification  of  multi-tenqjoral,  multi-sensor  satellite  data.  Neural  networks  offer  a  number  of  advantages  over  Ae 
conventional  statistical  classifiers,  for  example  are  distribution  free  and  more  robust.  They  also  offer  a  rehable  w^  for 
combining  multi-sensor  imagery  and  can  potential  be  used  to  integrate  auxiliary  data  into  satellite  image  analysis. 
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ABSTRACT 

The  quality  audit  of  a  product  (optoel^tronic  system)  serves  to  evaluate  the  accordance  of  its  quality  characteristics  with 
customer  s  requirements  or  specified  in  references  documents.  On  this  occasion  the  reference  documents  are  verified,  in 
order  to  establish  if  these  are  proper  to  achieve  the  stipulated  objectives  in  the  domain  of  products  quality.  The  audit  is  not  a 
simple  examination  of  product's  quality,  but  it  is  and  effective  evaluation  quality  measures  concerning  the  respective 
product.  Based  on  the  results  of  quality  audit  it  can  be  settle  necessary  improvement  measiues.  The  process  quality  audit 
serves  to  evaluate  the  accordance  of  the  process  with  customer’s  requirements  or  with  specified  requirements  in  the 
references  documents.  In  order  to  establish  if  the  reference  documents  are  proper  to  achieve  the  stipulated  objectives,  these 
documents  are  verified,  just  like  in  the  case  of  the  quality  audit  of  product.  The  quality  audit  of  a  process  presents  also  the 
effective  measures  to  ensure  the  quality  of  the  process,  establishing  the  necessary  corrective  and  improvement  measures.  In 
order  to  perform  the  quality  audit  of  the  product/process,  the  procedures  of  quality  system,  the  specification  of  the  product, 
the  documents,  the  manufacture  and  inspection  means,  the  documents  concerning  the  development,  supervision  and 
inspection  of  the  process  and  also  the  requirements  which  refer  to  the  qualification  of  the  involved  personal  are  verified. 

Keywords:  quality  audit,  quality  control,  quality  assurance 

1.  INTRODUCTION 

Quality  audit:  It  is  a  systematic  and  independent  examination  having  the  aim  to  determinate  is  the  activities  concerning  (he 
quality  and  the  results  satisfy  the  dispositions  established,  the  dispositions  are  effectively  implemented  and  if  these  are 
proper  to  attain  the  objectives  (Fig.  1). 

1.  The  quality  audit  applies  in  a  typical  mode,  but  not  only,  to  a  quality  system  or  to  some  to  its  elements,  to  the  processes 
or  services.  This  kind  of  audits  are  named  quality  system  audit quality  audit  of  the  process^',  ** quality  of  the 
product  ”,  ** quality  audit  of  the  ser\nce  ”,  etc. 

2.  The  quality  audits  are  performed  by  personal  don  Y  ha\nng  responsibiMes  in  the  audited  areas,  but  it  is  rather  that  they 
cooperate  with  the  personal  who  M>ork  in  these  areas. 

3.  One  of  quality  audit  earns  is  to  estimate  the  impro\ing  necessity  or  corrective  actions.  The  audit  doesn ’t  have  to  be 
mixed  up  with  "supervision  ”  or  with  "inspection  ”,  activities,  which  are  performed  in  order  to  control  the  process  or  to 
accept  the  product. 

4.  The  quality  auehts  can  be  performed  internal  or  external  aims. 

The  internal  quality  auOts  serve  especially  to  ensure  and  to  improve  the  capability  for  quality  of  an  organization. 
external  quality  au£ts  serve  to  demonstrate  the  capability  for  quality  (Fig.2)'' 

The  systematic  and  independent  examination^’  ®  performed  about  the  activities  and  the  results  concerning  the  quality  of 
products  and  processes  has  the  mission  to  offer  data,  information’s  and  to  establish  causes  and  suitable  measures  to  attain  a 
be  of  the  following  aims: 

1.  Determination  of  the  conformity  level  of  products/processes  with  the  conditions  specified  in  the  reference  documents 
(standards,  technical  specifications,  mamifacture  documents,  etc.). 

2.  Determination/  evaluation  of  the  efficiency  of  the  quality  assurance  measures  concerning  measures  concerning  the 
respective  product  (optoelectronic  system). 

3.  Improvtng  the  quality  of  product/  process  by  implementation  of  corrective  and  preventive  resulted  measures. 

4.  To  offer  to  the  management  the  data  in  order  to  analyze  the  nonconformities  and  their  causes. 

5.  To  (tetermine  the  adequate  moment  to  require  the  certification  of  the  product. 


♦Correspondence:  Hione:  (401)780.66.40;  Fax:(401)423.25.32 
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Quality  audit 

Independent  and 
systematical  examination 


^ictivities  which  the  quality 

and  at  theitTDesults 
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Idd^uate 
to  achieve 
ahjeiives 


Fig.  1  Quality  audit  definition 


:  Snsnra^ 
implied 


Capaiiilitsr 

. 


Fig.  2  The  audits  serve  first 

The  audits  can  have  different  forms:  ^  ^  too  onnn 

>  The  system  audit,  verify  it  the  quality  system  is  in  accordance  with  the  reference  standard  from  SR  bN  isu  yuuu 

series  The  system  audit  is  composed  of  the  audit  documentation  and  the  audit  of  implementation. 

>  The  audit  of  organization  verifies  if  the  organization  has  the  necessary  equipment  and  resources  to  implement  the 
politics  and  to  achieve  the  declared  objectives. 

>  The  audit  of  documentation  verifies  if  the  documented  practices  implement  the  approved  pohtics  and  the  most 
important  requirements  of  standard 


813 


>  The  adit’s  implementation  verify  if  the  documented  practices  are  respected  and  if  some  undocumented  practices 
wnich  influence  the  quahty  exist;  it  is  formed  by  two  parts : 

•  the  first  is  addressed  to  the  management  and  to  the  implementation  of  the  strategic  pTanc ; 

•  the  s^nd  is  addressed  to  the  personal  and  to  the  implementation  of  the  procedures. 

>  pe  audit  of  process  verifies  if  the  processes,  which  have  as,  result  products  or  services  are  performed  in  defined 
liimts. 

>  The  audit  of  product  or  service  verifies  if  the  resulted  products  or  services  achieve  the  specified  requirements. 

The  quality  audit  of  an  opoelectronic  system  is  an  audit  of  quality  of  product 

We  haw  to  i^e  a  distinction  between  the  preliminary  analysis  (1)  and  the  audit  on  a  certain  location  (2),  which  is  the  right 
audit  of  qu^ty  (Fig.3).  The  preliminary  analysis  consists  in  a  verification  of  the  concordance  between  the  product’s 
documentation  and  the  specified  requirements/  customer’s  requirement^’  “ . 

According  to  the  defimtion  of  the  AUDIT,  an  audit  made  at  a  certain  location  establish  the  activities  and  the  results 
concemmg  the  quahty  fulfill  the  basic  requirements  and  are  effectively  implemented  and  are  proper  to  fulfill  the  tasks.  We 
start  form  the  assumption  that  based  oii  a  set  of  good  preliminary  results,  the  activities  referring  the  quality  respects  the 
reqimements  of  the  standards.  There  is  a  difference  between  fte  prehminary  analysis  and  the  anHit  So,  Hnrinp  the 
prehminary  analysis  we  have  to  make  a  complete  check  of  documentation.  The  audit  at  a  specified  comixment  of  an 
organi2ation  can  be  made  by  "pick  sample"  procedure  (Fig.4). 
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PRELIMINARY  ANALYSIS  AND  THE  AUDIT  MADE  AT  A  CERTAIN  LOCATION 


>  PRELIMINARY  ANALYSIS 

All  the  existent  documentation  is  verified 

>  THE  AUDIT  MADE  AT  A  CERTAIN  LOCATION 
It  is  a  type  of  examination  by  sampling 

v'  A  sample  of  a  population 
For  example  drawings,  etc. 

A  sample  fi'om  life  cycle  of  the  product 
For  example  a  command,  etc. 


Fig.  4  The  audit  made  at  a  certain  location  -  of  examination  by  sampling 

A  type  of  examination  by  sampling  is,  for  example: 

>  The  identification  of  documentation  of  the  components,  etc; 

>  Cahbration’s  registering  for  inspection  and  testing  tools; 

>  Checking  of  the  endorsement  of  drawings,  specifications,  inspections  plans 

>  The  existence  of  the  inspection  instructions  at  the  inspected  zones; 

>  The  existence  of  the  work  instructions  at  the  work  position 

A  different  type  of  examination  by  sampling  is  the  representative  selection  for  example: 

>  Rampling  of  a  series  or  of  a  t^  of  row  material  sillied  and  tracking  on  it  during  the  manufecturing  process  till  to  the 

delivering  of  the  final  product,  throu^  the  whole  life  cycle  of  the  product. 

^  We  can  choose  for  example  an  assembly  drawing  which  wiU  be  check  concerning  all  the  detail  drawings,  inclu^g 
analysis  and  endorsement,  modifications,  the  distribution  process,  the  with  draw  all  process  of  the  unvalued  drawings 
and  the  products  manufactured  according  to  this  assembly  drawing. 

During  the  audit  at  a  certain  location  there  is  perform  an  examination  (Fig.  5)  using  an  intensive  asking  procedure  together 
with  the  analysis  of  the  documents  and  activities  observations  and  a  final  meeting  we  can  find  correct  data  or  collect  proofs. 


Fig.  5  Examination  during  an  audit  at  a  certain  location 

2.  THE  DETERMINATION  OF  THE  EFFICIENCY  OF  THE  SYSTEM 

There  are  two  Himpngions  of  the  efficiency:  the  results  you  get  and  the  efficiency  of  the  method  you  use  to  establish  the 
efficiency.  The  are  few  methods  which  can  be  used  to  establish  the  efficiency: 
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>  The  audit  of  the  quality 

>  The  tracking  of  the  performance 

>  The  costs  of  the  quality 

>  Feed-back  from  customers 

Efficiency  means  tofiilfill  in  good  conditions  the  correct  activities. 

The  audits  have  to  be  continually  repeated  based  on  a  certain  reason.  There  is  well  known  and  proved  by  a  large  experience 
that  the  efiSciency  of  the  quality  management  diminishes  in  time  because  the  procedures  are  not  very  carefully  tracked.  This 
evolution  is  represented  by  a  curve  “  saw  teeth”  which  justifies  the  supervision  audits  (Fig.6).  The  supervision  audits  lead  to 
an  improvement  of  the  quality  through  small  steps. 


EfHciency 


If  the  S3rstem  allows  to  the  management  to  stop  the  manufacture  of  some  products  unnecessary  on  the  marked,  to  anticipate 
the  customers  needs  before  the  competitors,  to  reduce  the  losses  (50  %),  to  achieve  all  the  delivery  conditions  established 
with  the  customer,  we  can  appreciate  that  the  system  is  efficient. 

2.1  Importance  of  the  activity 

The  importance  of  the  activity  has  to  be  established  concerning  the  effect,  which  the  nonconformity  could  have  regarding 
the  plannmg.  For  example:  if  the  modahty  to  complete  the  specifications  (for  provisioning)  is  fundamental,  this  activity  has 
to  te  au(hted  The  importance  is  apphed  too  for  something,  which  can  seem  a  minor  decision  in  the  planning  or  design 
activity,  if  these  decisions  are  wrong  some  m^or  problems  can  appear  later*^’  Each  audit  is  an  examination  pocess  of  a 
product  to  establish  if  it  achieve  or  not  the  requirements.  The  achievement  makes  possible  the  acceptance  or  the  certification 
(when  any  nonconformity  s  don  t  was  founded)  -  Fig.  7.  The  statute  and  the  importance  of  activities  determine  the 
periodicity  of  the  audits. 

2.2  The  independence  of  auditors 

Auditon  A  person  who  has  the  skill  to  perform  quality  audits. 

1.  In  order  to  perform  a  quality  audit,  the  auditor  has  to  be  authorized  for  that  audit 

2.  Any  aucUtor  who  is  nominated  to  lead  a  quality  audit  is  named  ''chief  auditor  " 

It  is  essential  that  the  auditor  have  direct  responsibihties  in  the  audited  activity.  There  are  many  alternatives: 

>  the  auditors  can  be  fi-om  the  same  department  in  which  the  activities  are  audited  with  the  condition  that  th^  aren’t 
responsible  for  the  audited  activities ; 

>  independent  departments  can  be  organization  which  have  qualified  auditors  ; 

>  the  implementation  audits  can  be  performed  by  specialized  the  personal,  supervised  by  a  qualified  auditor. 
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Fig.  7  Examination  of  conformity 

3.  THE  PRESENTATION  OF  THE  AUDIT’S  CONCLUSIONS 

The  qiiHit  report  must  contain  the  audit’s  conclusions,  the  conformities  and  the  nonconformity’s,  as  well,  ^d  has  to  be 
presented  to  the  manager  of  the  audited  zone,  an  also  to  his  superior  manager.  A  finding  of  the  audit  is  a  situatio^ 
ftiiring  the  quality  audit  and  demonstrated  by  an  objective  proof  (Objective  proofs:  Mormation,  r^rds  or  the 
realization  of  the  facts  whether  qualitative  or  quantitative,  which  refer  at  the  quality  of  an  entity  or  a  service  or  at  the 
existence  of  a  quality  system  element’s  implementation,  which  is  based  on  observations  measurements  or  trials  that  can  be 
verified)* ■  This  kind  of  situation  can  be  established  by  completing  questionnaires,  analyzing  the  documents,  observmg 

the  activities  and  verifications  (Fig.  8). 


Fig.  8  Finding  an  the  audit 

There  are  diflFerent  kinds  of  nonconformities  (Nonconformity:  unsatisfaction  of  the  specified  conditions)  -  Fig.  9: 

>  not  carrying  out  the  standard’s  requirements; 

>  a  disposition  which  is  not  suitable  (to  attain  the  olgectives); 

>  an  activity  which  doesn’t  correspond  to  the  dispositions; 

>  an  unimplemented  disposition  effectively. 
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Fig.  9  Different  kinds  nonconformity’ s 


The  auditor’s  responsibility  is  to  identify  the  nonconformities.  All  the  findings/nonconformity’s,  which  are  pointed  out,  are 
clearly  established  based  all  objective  proofs  (Observation:  a  finding  of  the  facts,  made  during  an  audit  and  proved  by 
objective  proofs).  The  proofs  are  obtained  by: 

>  discussions; 

>  the  documents’  examination; 

>  observing  the  activities  and  &e  situations. 

Un  exanqjle  of  possible  causes  of  nonconformity  is  presented  in  Fig.  10. 

Nonconformity  Possible  cause  Improvement 

action 


Necessary  dispositioii  fisr 
veiifyii^  and  aprouvement 

Tbe  daborationfs  9t^>ervise 
of  the  inspectioii  paean 
The  user  has  to  confirm  ttie 
inspectioiLidaiis'cecdve 
without  mistake 


Fig,  10  The  possible  causes  of  an  nonconformity 


In  order  to  evaluate  a  nonconformity  it  is  necessary  to  have  large  and  considerable  knowledge  in  specialty  and  experience 
concerning  the  interpretation  and  understanding  the  requirements  (Fig.  1 1). 
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Fig.  11  Evaluadonofnoncxjnforxnity 


The  nonconformities  are  written  in  special  forms,  respecting  the  things  in  Fig.  12. 


NONCONFORMITY  REPORT 

Well-informed  requirements 

>  customer,  number  of  report 

>  reference  to  the  audit  protocol 

>  audited  organization  period 

>  participants 

>  auditor,  data 

>  signatures 

Structure 

>  chapter  of  standard,  standard’s  requirements 

>  finding/  nonconformity 

>  wei^t  of  nonconformity,  evaluation 
presumptive  cause  of  nonconformity 

>  timurovement  measure  if  it  is  necessary) 

Distribution 

>  distribution  list 

Terms 

>  solution  of  corrective  measures 

>  suoplementaiy  audit 

Form/  volume 

>  1-2  pages 

ilg.  12  Nonconformity  report 


There  are  three  actions  that  the  responsible  manager  has  to  apply; 

>  teme^  actions  to  correa  a  certain  nonconformity; 

>  search  other  examples  of  nonconformity’s  and  daiision  about  the  proportion  of  nonconformity; 

>  finding  the  cause  of  nonconformity  and  prevention  of  its  repetition. 

The  audited  has  the  responsibility  to  initiate  and  to  perform  all  the  necessary  corrective  measures  to  eliminate  the 
nonconformity’s  at  establi^ed  terms.  The  audited  organization  has  the  task  to  inform  about  the  phase  of  corrective  actions 
and  about  their  solution  By  this  kind  of  audits  it  is  verified  if: 

>  the  established  corrective  action  was  implemented; 
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>  the  nonconformity  was  eliminated 

The  auditors  who  perform  the  supervision  audit  have  to  be  the  same  who  has  performed  the  initial  audit.  When  all  the 
nonconformity’s  was  eliminated,  the  audit  report  can  be  closed.  The  audit  is  incomplete  till  all  the  corrective  actions  were 
imfdemerrted.  The  rmfolding  and  the  phases  of  an  audit  are  preserrted  in  Fig.  13. 

4.  THE  OBJECTIVES  OF  PRODUCT'S  AUDIT 

The  quality  audit  of  a  product  serves  to  evaluate  the  conformity  of  quality  characteristics  of  the  finish^H  product  or  its 
subassemblies  with  customer's  requrrements,  or  with  the  requirements  specified  in  reference  documents  (standards, 
techmcal  specrficatiorrs,  manufacture  documents,  etc.).  On  this  occasion,  the  reference  documents  are  verified  in  order  to 
elfish  if  these  are  adequate  to  achieve  the  stipulated  objectives  in  the  quality  area.  The  audit  doesn't  resume  orily  to  a 
simple  examinatron  of  the  product's  quality,  but  it  wants  to  evalrrate  the  efficiency  of  the  quality  ensurance  measures, 
conceriiing  the  respective  product.  Based  on  the  result  of  quahty  audit,  the  necessary  improvement  or  corrective  measures 
regarding  the  audited  product  can  be  established. 

In  order  to  perform  the  quality  au^t,  the  system's  quality  procedures,  product's  specification,  documents  and  mpang  of 
manufacture  and  inspectron  are  verified"*’  *^.  A  quahty  audit  of  a  product  suppose  usually  the  following  important  phases 
(Fig.  14): 

>  examination  of  the  product  in  relation  with  the  reference  documents  the  processes  involved  in  its  manufacture  and  with 
the  materials  used 

>  elaboration  of  the  "examination  report"  clearly  specifying  the  nonconformity’s  discovered; 

>  analysis  of  the  nonconformity’s  and  their  causes; 

>  stipulation  of  necessary  improvement  or  corrective  measures; 

>  supervision  of  the  est^lished  corrective  improvement  measures  ajplication. 

It  is  recommen^  that  the  necessity  and  the  fi-equency  of  the  products'  audits  to  be  mentioned  in  the  audit  plan  and  then- 
effective  planning  in  relation  with  the  types  of  products  to  be  made  by  the  quality  compartment  of  the  organizatiorL  It  is 
necessary  to  ensure  the  possibility  to  perform  some  audits  when  it  is  necessary,  independently  of  the  planning,  for  example 
in  the  case  of  the  products  denounced  by  the  customers  or  which  have  major  nonconformities.  The  report  at  the 

end  of  the  audit  has  to  cont^  all  the  results  of  inspections  or  tests  performed,  identitying  the  nonconformity’s  and  then- 
causes,  in  order  to  can  establish  the  best  corrective  measures  or  measures  to  improve  the  quality  of  product. 

5.  THE  OBJECTIVES  OF  PROCESS  AUDIT 

Process'  quality  audit  serves  to  evaluate  the  conformity  of  quality  characteristics  of  a  finished  product  or  its  gihagcpmhiios 
with  customer's  requirements,  or  with  the  requirements  specified  in  reference  documents  (standards,  tprhniral 
specifications,  matnifacmire  docniments,  etc.).  As  in  the  case  of  quahty  audit  of  a  product,  the  reference  documents  regarding 
the  audited  process  are  verified  too,  in  order  to  establish  if  these  are  adequate  to  achieve  the  stipulated  objectives. 

The  quahty  audit  of  a  process  has  the  aim  to  establish  the  efficiency  of  the  cjuahty  ensuranco  measures  concerning  the 
respective  process,  estabhshing  the  corrective  measures  or  the  necessary  improvements.  The  quahty  anHit  of  a  process  is 
based  on  the  adequate  procedure  of  the  cpiahty  system  concerning  the  development,  supervision  and  inspection  of  the 
process.  The  requirements  referring  to  the  qualification  of  persoimel  involved  in  the  audited  process  are  verified  too. 
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Fig.  13  Phases  of  an  audit 

A  quality  audit  of  a  process  usually  supposes  the  following  important  phases  (Fig.  15): 

>  examination  of  all  important  elements  for  the  quality  of  the  audited  process, 

^  the  validity  of  the  documents  referring  to  the  process  (work  instructions,  inspection  instructions,  drawmgs,  etc.); 
^  the  capacity  of  the  equipment  (machines,  installations)  to  achieve  the  necessary  quahty; 


^  the  situation  of  the  inspection  equipment  and  the  correctness  of  their  use; 

'Z  the  analysis  concerning  the  raw  materials; 

Z  the  results  of  the  tests  performed  with  the  components,  which  are  subdued  to  the  self-control. 

>  elaboration  of  the  intermediary  documents,  which  include  the  results  of  the  examinations  of  the  mentioned  elements 
(verification  hsts,  examination  report,  etc.); 

>  elaboration  of  the  "audit  report”,  clearly  specifying  the  nonconformity’s  discovered; 

>  analysis  of  the  nonconformity’s  and  their  catises; 

>  decision  ^ut  the  necessary  corrective  or  improvement  measures  -  it  can  be  made  proposals  concerning: 

Z  modification  of  equipment  in  respective  process; 

Z  improvement  of  manufacture  planning; 

Z  structure's  modification  of  manufacture; 

Z  improvement  of  quality  assurance  methodology  of  raw  materials  and  processed  materials; 

Z  correction  of  development  of  certain  phases  of  the  process; 

^  siq)ervision  concerning  the  application  of  the  established  corrective  or  improvement  measures. 

It  is  recommended  that  the  planning  of  these  audits  to  be  made  and  performed  systematically,  at  least  once  a  year,  for  all  the 
processes  of  the  organization,  according  a  special  priority  to  the  complex  processes  which  have  many  intermediary 
components  manufactured  or  having  certain  technological  particularities^  The  conclusions  of  the  audit  report  must  to  be 
known  hy  the  chiefs  of  audited  compartments  in  order  to  apply  the  necessary  corrective  or  improvement  measures. 


Fig.  14  The  general  methodology  of  a  quality  audit  of  product 
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ilg.  15  The  general  methodology  of  quality  audit  of  process 
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ABSTRACT 

This  report  relates  to  a  mobile  system  for  tracking  and  protection  of  vehicles  owned  some  banking  organisations, 
security  institutions  or  l^f  some  social  service  for  fire,  medical  rescue  or  taxicabs,  by  an  operator  placed  also  aboard  of  a 
vehicle  in  which  he  have  at  his  disposal  all  the  necessary  means  (Satellitary  System  for  Global  Positioning  -  GPS  and  the 
telecommunication  system)  for  precise  determination  of  the  position  and  the  state  of  each  vehicle  from  the  fleet  that  is 
under  his  surveying.  Therefore  in  contrast  to  the  operating  mode  of  the  localisation  systems  known  in  present  and  which 
have  in  its  composition  a  stable  centre  for  permanent  surveying,  the  operator  of  the  system  presented  in  this  report  can 
intervene  personally  and  in  an  efficient  mode  in  the  aid  of  the  vehicle  in  distress. 

Keywords:  Global  Positioning  System,  World  Geodetic  System  1984,  vehicles  locating  and  tracking,  inarfiai  navigation 
system,  gyroscopic  system,  computing  unit 


1.  EVTRODUCTION 

The  endowing  of  the  valuable  vehicles  (or  those  that  transport  values)  with  means  that  permit  its  rapid  recovery  in  the 
event  of  rome  infractional  overtaking  of  these  vehicles,  constitutes  an  important  objective  which  many  speciality  firms 
proposed  itself,  more  or  less  recently. 

Related  to  to,  the  creation  and  the  settlement  in  operational  state  of  the  American  satellitary  system  NAVSTAR  for 
global  positioning  (GPS)  has  as  a  result  the  appearance  in  the  endowment  of  some  guard  and  protection  services  from 
many  countries  of  different  systems  and  devices  for  the  vehicles  centralised  locating  based  on  GPS  system. 

As  it  is  generally  known,  the  satellitary  tystem  GPS  makes  it  possible  to  compute  the  position  of  any  point  on  the  surfrce 
of  the  earth  with  high  prectsion.  These  GPS  tystems,  devised  for  military  purposes,  are  now  widespread  within  civil  sphere 
and  are  based  on  the  reception  of  signals  from  a  number  of  satellites  orbiting  the  earth.  On  to  basis,  the  GPS  systems  can 
provide  the  geographic  fix  and  also  the  absolute  altitudes  with  respect  to  sea  level,  with  medium  or  high  accuracy  for  civil 
uses. 


Computation  of  a  GPS  receiver  position  is  performed  using  three  or  four  satellites,  each  of  which  provides  a  distance 
value.  By  applying  a  tystem  of  equations  in  four  unknowns,  three  for  the  coordinates  X,  Y,  Z  and  the  fourth  C  for  the 
clock  and  solving  hy  Trior’s  method,  the  required  solution  for  the  position  is  obtained.  Corrections  for  relativistic  effects, 
ionospheric  and  tropospheric  distortion  are  then  applied  in  the  known  manner.  The  position  is  provided  by  the  processor 
installed  on  the  standard  GPS  Board  in  several  formats  such  as  the  Cartesian  coordinates  in  meters  from  the  centre  of  the 
Earth  and  the  geographical  coordinates,  that  is  to  say  latitude  and  longitude  in  radians. 

Usually,  the  average  deviation  of  determinations  is  contained  between  25  and  50  meters,  but  the  accuracy  of 
determinations  can  be  enhanced  in  an  important  measure  if  the  GPS  system  is  used  in  a  “differential”  regime,  that  is  to 
say,  if  the  effected  determinations  are  related  to  those  obtained  with  a  fixed  reference  GPS  station,  placed  on  a  point  whose 
coordmmes  are  precisely  known.  The  only  drawback  of  these  differential  tystems  is  that,  that  in  this  case,  data  acquisition 
for  position  determination  is  relatively  slow. 


*  Correspondence:  Telephone:+39  578  267154  ;  Fax:  +39  578  267160 
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The  locating  systems  currently  in  use  in  feet  utilise  an  operations  centre  manned  aroimd  the  clock  m  individud 
watching  the  monitor  of  a  computer  for  the  raising  of  an  alarm.  This  computer  needs  to  be  furnished  with  electronic 
m^^jing  to  allow  the  pinpointing  of  the  position  of  the  vehicle  from  which  the  alarm  emanated. 


It  is  obvious  that  such  a  system,  which  in  present  is  used  by  many  international  orgamsations  for  goods  md  assets 
transport,  as  well  1^  some  public  services  for  medical  rescue,  fire  or  banks,  assumes  the  existence  of  the  fecihties  offered 
by  the  operations  centre,  among  which  can  be  mentioned  and  the  possibility  to  use  the  general  electronic  m^ing  of  the 
surveyed  region.' 


However,  these  facilities  offered  by  the  operations  centre  involve  very  high  costs  of  manning,  machinery,  logisfic  set  up, 
and  the  adoption  of  the  digital  mapping  entails,  apart  from  the  intrinsic  inaccuracies,  high  pmchase  and  mamtenance 
costs.  Moreover,  electronic  mapping  of  many  large,  medium-sized  and  small  cities,  to  say  nothing  of  villages,  is  not  yet 
available  for  a  great  part  of  them. 


Another  problem  cormected  with  the  currently  available  national  nrapping  derives  from  its  non-compliance  with  the  WGS 
84  (World  Geodetic  System  1984)  reference  system  used  by  the  GPS  satellite  system. 


2.  MOBILE  AUTONOMOUS  SYSTEM  FOR  VEHICLES  LOCATING  AND  TRACKING  -  SMALUV. 


The  mobile  (autonomous)  system  for  vehicles  locating  and  tracking,  which  is  the  subject  of  this  presentation  and  which 
was  conceived  and  patented  by  the  Italian  company  “HAL  9000”,  obviates  the  aforesaid  drawbacks,  that  is  to  say  the  costs 
due  to  the  operations  centre  and  to  the  mapping,  insofar  as  neither  the  one  nor  the  other  is  required.  As  it  resdte  also 
from  its  name,  the  ^stem  is  conceived  to  assure  to  the  owner  of  the  vehicle  or  someone  on  his  beh^  the  possibility  not 
only  to  locate,  but  also  to  personally  track  and  search  the  vehicle  in  distress  within  a  definite  geographical  area. 

To  achieve  the  above  mentioned  functions,  the  proposed  system  on  principle  contains  an  installation  in  which  are  included 
a  GPS  receiver  and  a  system  for  remote  communication  on  board  the  vehicle  or  object  whose  position  is  intended  to 
determine  and  a  similar  locating  installation  constituted  from  a  GPS  receiver  and  a  system  for  remote  commumcation  and 
placed  both  with  the  person  which  effect  the  searching  on  board  of  the  “seeker”  or  “pursuer”  vehicle. 

As  it  is  presented  in  the  Fig.  1,  in  the  event  that  the  target  is  a  motor  vehicle,  on  this  is  disposed  also  an  alarm  device  (1), 
such  as  for  example  an  anti-theft  system. 


Fig.  1  Block  scheme  of  the  portable  system  component  disposed  on  board  of  the  target  vehicle. 

The  alarm  device  (1)  is  connected  to  a  computing  unit  CU  (2),  which  is  disposed  for  starting  up  the  whole  of  the  system 
following  the  detection  of  an  alarm  condition  such  as  a  theft  or  an  unauthorised  use  of  the  vehicle. 

To  the  conqjuting  unit  (2)  is  connected  also  the  system  (3)  for  geographic  terrestrial  position  locating,  namely  the  “Global 
Positioning  System”  (GPS). 
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The  computing  umt  (2)  is  also  associated  with  a  gyroscope  system  (4)  for  immediate  detection  of  variations  in  the  direction 
of  travel  of  the  target  vehicle.  In  the  installation  achieved  the  Italian  company  “HAL  9000”  the  gyroscope  system  is 
fitted  with  a  solid-state  “rate  gyro”  based  on  the  Coriolis  effect  and  madceted  by  the  Japanese  company  “Murata”  under  the 
name  “G^star”. 

The  computing  unit  (2)  is  fiuthermore  connected  through  a  modem  (5)  to  a  system  (6)  for  remote  communication.  The 
Q'Stem  (6)  can  be  a  straightforward  radio  transceiver  or  a  cellular  telephone.  In  the  latter  case,  a  cellular  telephone  ^stem 
of  the  GSM  type  is  preferred  on  account  of  the  ease  of  interfecing  between  GSM  cellular  telephone  and  modem  (5). 

Under  normal  conditions  both  the  GPS  subsystem  (3)  and  the  GYRO  subsystem  (4)  and  also  the  computing  unit  CU  (2) 
are  active  by  the  fact  that  these  subsystems  continuously  compute  the  geographical  position  of  the  target  vehicle  in  which 
th^  are  installed  and  communicate  this  to  the  computing  unit  (2)  updating  it,  for  example,  once  a  second.  The  computing 
unit  (2)  stores  the  new  position  datum,  constantly  checking  on  the  input  of  the  alarm  device  (1)  for  the  existence  of 
conditions  which  require  the  transmission  of  the  position  data  to  the  spplfpir  device. 

The  remote  communication  system  (6)  with  which  the  CU  (2)  is  associated  is  on  stan<%  for  calls.  The  computing  unit  (2) 
furthermore  has  a  non-volatile  memoiy  device  in  which  several  useful  telephones  numbers  are  recorded. 

The  seeker  device  is  in  the  form  of  a  computer  of  the  “Lap  Top”  type  comprising  provision  for  a  mass  memory  module 
which  carries  a  store  of  the  positions  relating  to  the  localities  from  the  respective  region,  either  on  a  global  or  on  a 
reduced  scale,  according  to  need. 


Fig.  2  Block  scheme  of  the  portable  system  component  disposed  on  board  of  the  vehicle. 

With  reference  to  Fig.  2,  the  device  on  board  the  seeker  comprises: 

-  a  GPS  subsystem  (7)  similar  to  that  mentioned  in  the  description  of  the  target  instatlatinn; 

-  a  computing  unit  (8)  connected  to  a  display  (9); 

-  a  gyroscope  device  (10)  similar  to  that  mentioned  with  reference  to  Fig.  1; 

-  an  archive  (1 1)  of  known  positions,  preferably  in  the  form  of  an  interehangfiahipi  memory  module; 

-  a  modem  (12)  and  a  remote  commumcation  system  such  as  a  GSM  rig  as  explained  with  reference  to  Fig.  1. 

The  seeker  (tevice  can  locate  any  target  device  so  long  as  it  knows  its  telephone  number.  If  the  vehicle  is  abandoned  by  the 
driver  wth  Ae  seeker  on  board,  a  strong  acoustic  warning  signal  is  brought  into  operation.  Similarly,  a  strong  acoustic 
signal  is  emitted  also  in  the  event  that  the  motor  car  is  abandoned  by  the  owner  somewhere  outside  of  the  coverase  of  the 
GPS  or  GSM  signal. 


In  the  event  that  the  seeker  receives  a  call  from  the  target,  it  then  activates  the  devices  for  (tetermining  its  own  position, 
receives  and  stores  the  position  of  the  target  vehicle  and,  when  it  is  certain  of  the  reliability  of  the  datum  received,  sends 
the  confirmation  message  to  the  called  target. 
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When  the  actual  GPS  device  has  computed  the  position  of  the  seeker,  the  direction  with  respect  to  true  North  (bearing)  to 
be  taken  in  order  to  reach  the  target  is  computed  and  flagged  in  the  form  of  an  analog  compass.  This  infonnation  is 
provided  and  flagged  in  degrees.  Furthermore,  the  GPS  device  consults  its  own  internal  archive  and  the  position  of  the 
target  with  respect  to  the  nearest  locality  (distance  and  bearing),  is  indicated. 


DIRECTION  OF  MOTION  OF  THE  SEEKER 


SEEKER  DATA 

SATELLITE  COMPASS 

TARGET  DATA 

DATE :  01/01/99 

DATE :  01/01/99 

TIME :  13:15:18 

LAT :  42®51’16” 

LONG:  011®58’00’’ 

SATELLITES 

USED: 

•^Cy 

RECEDING 

BEARING 

TIME :  13:15:19 

LAT :  42®47’10’’ 

LONG:  011®55’03’’ 

SATELLITES 

USED: 

4 

135® 

3 

STATE : 

DISTANCE 

6925  m 

STATE : 

NAV3D 

NAV2D 

SPEED  80  Km/h 

TARGET 

AT  3200  m 

SPEED  50  Km/h 

SOUTH  OF  CHIUSI 

LEGEND: 

indir.atfis  the  direction  of  motion  of  the  seeker 
N  iTiftiratfig  the  direction  of  the  true  North  with  respect  to  the  seeker 
indicates  the  direction  to  be  followed  to  reach  the  TARGET 
BEARING  is  the  angle  between  the  direction  ♦  followed  hy  the  seeker  and 
the  direction  in  which  the  target  lies. 

Fig.  3  The  graphics  appearance  of  the  display  available  to  the  seeker. 

At  this  point  the  manager  of  the  seeker  procures  the  means  adapted  for  the  pursuit  and  location  of  the  target  Md,  on 
tv.gintiing  the  pursuit,  will  call  the  target  via  the  seeker.  When  the  two  devices  are  once  again  in  mutual  commumcation, 
the  seeker  receives,  every  second,  the  position  data  of  the  target  and  hence  has  the  possibility  of  computing  and 
highlighting  the  following  information  using  its  own  position  and  the  archive  (1 1)  of  known  positions: 

-  The  and  the  vehicle  carrying  it  are  provided  for,  respectively  oriented  in  the  direction  of  travel,  in  the  top  quadrat 
of  the  s^rftware-constructed  satellite  analog  compass,  in  which  at  12  o’clock  is  marked  an  asterisk  to  indicate  the  direction 
of  movement  of  this  sedcer.  (see  Fig.  3).  True  North  is  thus  also  marked  on  the  quadrant  together  with  the  bearing  of  the 
target  in  the  form  of  an  aprow  which  in  the  search  movement  always  indicates  the  direction  of  the  target  with  respect  to  the 
se^r; 

-  The  updated  position  with  respect  to  the  nearest  locality  or  district  is  found; 

-  The  distance  in  metres  to  the  target  is  compated  and  kept  constantly  updated  (Great-Circle  course);  and 

-  Visual  and  acoustic  indicatian  is  flagged  of  target  approaching,  target  receding  and  target  dead  ahead. 

Besides  the  above  mentioned,  from  the  GPS  processor  other  information  can  be  obtained  also,  such  as: 

-  data  and  UTC  time  (Universal  Time  Coordinate); 

-  receiver  altitude  in  metres; 

-  number  and  the  identifiers  of  the  satellites  used; 
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-  data  concerning  the  accuracy; 

-  various  correction  factors; 

-  state  of  the  receiver. 

This  last  item  of  information  is  useful  in  that  it  makes  it  possible  to  decide  if  and  when  to  pass  from  the  main  position 
determining  system,  that  is  to  say  that  based  on  GPS,  to  &e  secondary  system  (GYRO). 

It  should  be  pointed  out  at  this  juncture  that  the  system  provides  the  values  of  Cartesian  or  geographical  coordinates 
referred  to  the  WGS-84  ellipsoid  which  is  the  model  adopted  by  the  United  States.  All  the  information  deduced  by 
computation  of  the  CU  and  that  provided  directly  by  the  GPS  system  are  therefore  also  refereed  to  WGS-84. 

To  correspondingly  assure  all  the  above  presented  functions,  in  the  SMALUV  system  a  GPS  receiver  achieved  in  a  sub¬ 
miniaturised  form  the  Rockwell  company  from  United  States  was  incorporated.  Among  other  performances,  it  should  be 
mentioned  that  after  about  60  seconds  from  its  start,  this  receiver  can  deliver  the  first  positioning  data,  the  respective 
information  being  presented  on  one  of  the  serial  ports  of  the  computing  units. 

The  position  information  is  normally  received  1^  a  GPS  type  multi-chanell  circuit,  although  it  sometimes  happens  that 
particular  local  conditions  do  not  allow  visibility  of  a  sufficient  number  of  satellites  to  compute  a  position.  Therefore,  both 
the  target  system  and  the  seeker  ^stem  avail  themselves  of  a  fibre  optic  or  piezoelectric  gyroscope  circuit  which  makes  it 
possible,  as  stated,  to  compute  position  even  if  with  the  passage  of  time  the  effect  of  precession  renders  a  data  item  gleaned 
in  this  way  less  accurate. 

So,  the  GYRO  subsystem  intervenes  on  request  from  the  computing  unit  as  backup  device  for  the  determination  of  position 
when,  for  various  reasons,  GPS  loses  the  ability  to  navigate  and  enters  a  defined  “acquisition”  state,  which  can  occur 
essentially  because  the  antenna  is  obscured  by  tunnels,  other  buildings,  foliage,  etc.^ 

In  each  case,  the  seeker  is  informed  about  the  status  of  all  the  circuits  for  computing  the  position,  both  of  the  target  and  its 
own  ones. 

The  GYRO  subsystem  provides  the  computing  unit  merely  with  variations  in  the  angular  velocity  of  the  vehicle  on  which 
it  is  placed,  using  in  this  aim  a  gyroscopic  device  with  optic  fibber  or  of  a  miniaturised  piezoelectric  type,  such  as  the 
above  mentioned  “Gyrostar”  device. 

The  Gyrostar  device  is  connected  to  an  A/D  (analog/digital)  converter  which  in  turn  offloads  the  angular  velocity  variation 
data  onto  the  port  of  the  computing  unit  at  a  sampling  fi:equency  of  for  example  50  data  per  second.  On  this  basis,  in  the 
absence  of  the  positioning  data  provided  by  GPS  it  is  possible  to  compute  new  positions  with  the  data  from  Gyrostar 
device,  if  the  value  of  the  vehicle  velocity  is  also  available.  This  latter  data  item  can  be  obtained  directly  from  the  cars  on 
which  the  SMALUV  tystem  is  sited. 

It  should  be  mentioned  here  the  feet  that  the  inertial  navigation  techniques  (of  “dead  reckoning”  type)  are  based  on  tim^ 
integration  of  the  signals  delivered  by  gyrometric  and/or  accelerometric  transducers,  so  the  errors  in  determination  of  the 
passed  distance  are  increasing  continuously  in  time.  I^refbre  the  intervention  duration  of  the  GYRO  subsystem  must  be 
limited  to  1  -  2  minutes.  As  a  consequence,  the  position  cbmputed  with  fee  GYRO  system  should  therefore  be  regarded  as 
indicative  for  maintaining  an  acceptable  space-time  correlation  between  the  target  and  the  seeker  during  GPS  blackout."^ 

The  state  of  the  radiocomi^npcations  is  likewise  monitored  and  checked:  Cutting  of  the  connection  gives  rise  to 
automatically  repe^ed  calls  until  normal  communications  are  resumed 

3.  CYCLES  TRACKED  BY  THE  INFORMATION  FLUXES 

Accordingly  to  its  ftmetioning  general  algorithm,  computing  block  on  “the  target”  continually  computes  its  own  position, 
keying  track  of  the  latest  reliable  position,  the  mean  velocity  for  the  latest  minute,  for  the  latest  quarter  of  an  hour  and  for 
the  latest  hour.  As  it  continues  to  “cycle”  it  carries  out  some  checks  such  as: 


828 


-  the  presence  of  incoming  calls; 

-  the  presence  of  the  alarm  system  (in  the  widest  sense); 

-  the  proximity  to  “danger”  zones. 

The  occurrence  of  one  or  more  of  the  above  events  allows  the  despatching  of  the  data  relating  to  its  own  position  1^  the 
target  to  the  seeker,  which  works  only  if  called  by  a  target  or  if  a  target’s  call  function  is  activated. 

In  both  cases  the  data  received  from  the  target  are  compared  1^  the  seeker  with  those  received  from  its  own  GPS  subsystem 
and  the  results  of  this  comparison,  whether  in  digital  or  analog  form,  are  flagged  in  the  display  of  the  seeker. 

It  will  furthermore  be  noted  that  as  far  as  the  target  is  concerned  the  following  particulars  are  complied  with: 

-  In  the  case  of  incoming  caUs,  the  target  will  verify,  through  the  sending  by  the  seeker  of  a  ten-digit  keyword  which 
constitutes  the  permission  by  this  seeker  to  talk,  for  the  purpose  of  preventing  other  seekers  or  other  users  of  a  seeker  from 
being  able  to  Ime  recourse  to  the  system; 

-  The  activation  of  the  alarm  system  has  as  a  result  the  feet  that  the  computing  unit  of  the  target  will  be  able  to  mterfece 
with  one  or  more  communication  channels; 

-  The  signalisation  “aRjroach  to  danger  zones  “  appears  in  situations  in  which  the  positions  occupied  the  target  for 
more  than  5  mitmtpig  fell  within  areas  recorded  in  the  non-volatile  memory  of  the  target.  For  example,  64  such  positions 
are  provided  for  and  within  a  5  km  vicinity  each  of  these  points  is  regarded  as  a  ‘  danger  zone  .  Purely  by  way  of  example, 
the  following  may  be  regarded  as  such;  frontier  crossings,  harbours  or  airports; 

-  The  data  are  transmitted  and  received  only  in  encrypted  form,  the  algorithm  for  which  is  known  only  to  the  constructor. 

More  exactly,  the  functioning  of  the  SMALUV  devices  is  resulting  from  the  Fig.  4  and  Fig.  5  where  the  flowcharts  of  the 
software  resident  in  the  computing  unit  on  board  the  target  and  respectively  on  board  the  seeker  are  presented. 

As  it  is  resulting  from  the  flowchart  in  Fig.  4,  in  the  moment  in  which  the  initialisation  of  the  target  computer  is  effected, 
the  internal  is  read,  this  being  composed  of  the  data  relating  to  the  danger  areas,  the  “time  out”  for  the  calls  of  the 

seeker,  the  fpipphnna  numbers  to  be  selecte<i  the  seeker  and  operator  codes  permitted  to  communicate  with  the  target,  the 
configurations  of  the  modem  and  the  maximum  time  of  stay  in  danger  zones. 

In  continuation,  the  computing  unit  executes  the  test  of  the  GPS  subtystem,  and  if  the  result  of  the  test  is  negative,  the 
procedure  for  communication  with  a  seeker  is  actived  immediately  and  as  soon  as  the  communication  channel  is  activated, 
a  ciiitahip  message  of  feilure  of  the  operation  of  the  GPS  is  sent.  After  sending  this  message  and  receiving  the  response 
message,  the  GPS  is  deactivated  and  the  system  remains  on  standby. 

If  the  result  is  positive,  calculation  continues  and  configuration  of  the  modem  is  undertaken,  concomitantly  with  the  test  of 
correct  operation  of  the  modem.  If  the  result  is  negative,  it  actually  becomes  impossible  to  communicate;  from  this  moment 
onwards  the  computing  unit  will  keep  track  in  rows  of  the  positions  occupied  until  the  reserves  of  the  memory  penpherial 
units  are  refille4  disparding  the  oldest  data  and  recording  the  most  recent,  so  long  as  they  are  reliable  and  are 
characterised  Ity  a  velocity  greater  than  5  km/h,  that  is  to  say  by  means  in  motion. 

Hence,  the  target  will  cycle  continuously  until  one  of  the  initially  mentioned  conditions  obtains: 

-  the  presence  of  arriving  calls; 

-  the  activation  of  the  alarm  system; 

-  the  proximity  to  “danger”  zones. 

In  the  first  case,  the  module  which  is  dealing  with  the  communications  takes  control  of  the  computing  unit  after  having 
ascertained  the  presence  of  the  ringing  telephone,  and  orders  the  handset  to  be  lifted  and  handshaking  to  be  set  up.  Once 
the  communication  is  coimected,  the  admissibility  of  the  incoming  call  is  checked:  the  target  places  itself  on  standby  for 
data  and  in  particular  for  the  message  that  contains  the  machine  code  of  the  seeker  and  that  of  the  operator.  If  the  check  on 
the  codes  is  positive,  the  communication  can  continue:  Otherwise  the  computing  unit  orders  the  modem  to  replace  the 
handset,  intemq^g  the  communication. 
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In  the  second  case,  should  the  signal  present  on  the  parallel  port  become  ON  and  remain  so  for  10  seconds,  the 
communication  procedure  is  activated 

In  the  third  case,  to  determine  entry  into  danger  zones,  a  counter  is  activated  every  time  the  point  computed  by  the  GPS 
subsystem  lies  within  a  5  km  radius  of  one  of  the  points  loaded  in  the  initialisation  phase.  If  the  counter  reaches  the  value 
defined  in  the  initialisation  phase,  for  example  currently  defined  as  5  minutes,  the  procedure  for  communication  with  the 
seeker  is  activated  automatically.  In  these  situations  in  which  the  order  to  activate  the  communication  procedure  issues 
fi*om  the  target,  there  will  be  no  check  or  exchange  of  messages  of  recognition  via  software. 

The  communication  procedure  consists  in  dialling  up  in  order,  as  they  are  listed  in  the  initialisation  phase,  the  stored 
numbers;  with  each  telephone  number  will  be  associated  the  number  of  attempts  to  be  made  before  passing  to  the  next.  The 
exchange  of  data  will  take  place  with  the  first  seeker  with  which  communication  is  successfully  established 

Normally,  communication  takes  place  with  a  message  which  contains  the  own  target  data  identifier,  the  data  relating  to  its 
position,  UTC  time,  velocity,  course,  elevation  and  state  of  the  GPS  receiver.  After  sending  the  message  and  receiving 
confirmation  of  receipt,  the  target  suspends  communications  and  places  itself  on  standty  for  other  calls. 

As  regards  the  seeker  and  related  initialisation,  as  results  also  from  the  flowchart  of  the  seeker  vehicle  software  presented 
in  Fig.  5,  the  internal  database  is  read  first  of  all,  consisting  in  loading  the  positions  of  the  localities,  the  seeker’s  own  code 
and  the  configurations  of  the  modem;  the  password  is  then  requested  fi-om  the  operator  assigned  to  the  use  of  the  seeker. 

Then,  the  computing  umt  executes  the  test  of  the  GPS  and  if  the  result  of  the  test  is  negative,  the  operator  is  immediately 
notified  via  a  message  on  the  display  of  the  non-functioning  of  the  GPS. 

If  the  result  is  positive,  calculation  continues  and  the  configuring  of  the  modem  is  undertaken,  concomitantly  with  the  test 
of  correct  operation  of  the  modem.  If  the  result  of  this  last  test  is  negative,  so  that  it  in  feet  becomes  impossible  to 
communicate,  the  operator  is  immediately  notified  via  a  message  on  the  display  of  the  non-functioning  of  the  modem. 

The  operator  can  activate  the  system  in  order  to  communicate  with  a  target  or  await  the  arrival  of  a  call. 


In  the  first  case,  the  number  of  the  target  to  be  called  is  requested  from  the  operator:  once  the  number  is  typed  in,  the 
computing  unit  instructs  the  modem  to  dial  up  the  number  in  order  to  attempt  to  establish  the  cormection. 

After  having  verified  active  connection,  the  seeker  will  have  to  send,  through  an  initial  message,  its  own  machine  code  and 
that  of  the  active  operator. 

Unless  the  communication  is  cut  on  its  volition,  the  target  transmits  a  message  relating  to  its  own  identifier  data,  in 
addition  to  the  UTC  time  available  with  the  indication  of  whether  or  not  this  is  a  valid  time.  After  the  confirming  by  the 
seeker  about  the  receiving  of  the  first  message,  the  target  sends  the  message  about  the  position  and  status  data. 
Comparison  between  these  data  and  those  leaned  directly  firom  its  own  GPS  subsystem,  will  enable  the  computing  unit  of 
the  seeker  to  flag  on  the  display  the  information  relating  to  distance  and  to  bearing. 

In  the  second  case,  namely  the  case  of  receiving  a  call  fi^om  some  of  the  tracked  targets,  calculation  will  proceed  as  soon  as 
the  modem  notifies  the  com^ting  unit  of  the  presence  of  an  incoming  call,  which  wiU  follow  the  instruction  to  the  modem 
to  lift  the  handset  and  establish  the  communication. 

From  this  moment  onwards  the  behaviour  will  be  identical  to  that  described  above. 

The  seeker  can  (tetermine  for  the  target  also  the  optimal  satellitary  configuration  for  its  GPS  subsystem  and  will  send 
through  a  special  message  which  satellites  and  which  elevation  value  to  use. 

For  the  recoveiy  of  vehicles  in  distress  the  manager  of  the  seeker  follows  the  indications  of  the  satellite  compass  and 
consti^y  checks  that  the  value  of  the  distance  to  the  target  is  decreasing. 
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4.  CONCLUSIONS 


The  mobile  (autonomous)  system  for  vehicles  locating  and  tracking  -  SMALUV  conceived  and  patented  by  toe  Itahw 
company  “HAL  9000”,  rqtresents  an  original  and  efficient  solution  for  toe  protection  assurance  of  vehicles  existing  m  toe 
endowment  of  a  fleet.  As  it  was  resulted  from  toe  above  presented,  toe  system  is  designed  to  ass^  to  m  o^rator  toe 
possibility  not  only  to  locate,  but  also  to  track  and  search  personally  toe  vehicle  in  distress,  obviating  m  this  \ray  toe 
necessity  of  an  operational  tracking  centre  on  which  toe  functioning  of  other  surveying  systems  for  vehicles  fl^  is  based. 
The  autonomous  searching  system  provides,  in  real  time  and  directly,  toe  data  referring  to  toe  target  vehicle,  like  tte 
distance  in  meters,  direction,  speed,  exact  geographic  position,  toe  closest  locality,  etc.  Optionally,  toe  position  data  can  be 
transferred  to  a  common  mapping  allowing  subsequent  display . 

Moreover  it  should  be  mentioned  that  toe  data  relating  to  toe  great-circle  distance  (shortest  path  between  two  pomts  on  toe 
earth’s  surface),  toe  tvaring  angle  or  direction,  etc.  provided  by  toe  autonomous  system,  are  to  be  regarded  as  exact  msofar 
as  both  toe  device  and  toe  target  device  use  toe  same  WGS  84  reference  system.  Iii  this  manner,  although  it  makes 
not  use  of  toe  Differential  GPS  system  PGPS),  toe  proposed  autonomous  system  obtains  locating  accuracy  which  are 
comparable  with  those  which  can  be  obtained  with  DGPS  system,'  with  only  remark  that  in  this  case,  toe  locatmg  is  not 
achieved  in  absolute  coordinates,  but  in  relative  ones,  in  respect  to  toe  seeker  vehicle. 
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ABSTRACT 

A  method  for  local  thermodynamic  equilibrium  (LTE)  plasma  diagnostics  by  vibrational  structure  of  diatomic  molecule 
electronic  states  is  elaborated.  Oii  this  purpose  is  adopted  a  model  of  plasma  temperature  determination  from  the  relative 
intensities  of  the  molecular  vibrational  band  head  incompletely  spectrally  resolved.  The  relative  intensities  were  determined 
using  the  temporal  integrated  profile  (the  peak  intensity  multiplied  by  temporal  half  width  of  the  intensity  pulse)  instead  of 
peak  or  integrated  spectral  profile  of  a  band  head.  This  more  accurate  method  of  vibrational  temperature  determination 
(estimated  at  about  6100  K)  allows  obtaining  new  data  about  the  plasma  internal  processes  (the  role  of  electrons  in  the 
excitation  of  the  vibrational  levels,  the  role  of  molecular  ions  in  LTE  plasmas  etc). 

Keywords:  plasma  spectroscopy,  vibrational  spectra,  plasma  diagnostics 

1.  INTRODUCTION 

The  so-called  violet  band  system  of  CN  is  observed  in  the  spectra  of  most  sources  of  moderate  excitation,  which  contain 
carbon  such  as  arcs,  flames,  jets  and  certain  classes  of  stars. 

The  frequent  occurrence  of  these  bands  makes  them  potentially  useful  in  determining  the  excitation  temperature  of  the 
sources.  Temperature  could  be  obtained  from  the  relative  intensities  of  the  individual  rotational  lines  of  a  band  using  highly 
resolved  spectra.  However,  when  a  low  dispersion  spectrograph  is  used  or  when  the  rotational  structure  is  badly  blended 
with  lines  of  other  molecules  or  atoms  as  in  most  stellar  spectra  it  is  practically  impossible  to  use  the  rotational  lines  for  this 
purpose. 


Nevertheless,  it  is  often  sill  possible  to  make  fairly  accurate  temperature  determinations  from  the  relative  peak  intensities 
measurements  of  the  unresolved  band  heads  if  thfe  relative  vibration  transition  probabilities  of  the  bands  are  known. 

Some  difficulties  can  be  encountered  in  attempting  to  use  the  relative  peak  intensities  of  unresolved  band  heads  as 
temperature  indicator  as  follows. 


Basically,  the  relative  peak  intensities  are  not  usually  a  truly  measure  for  the  relative  strengths  of  the  vibrational  transitions 
giving  rise  to  the  bands  because  of  the  different  rotational  structure  in  each  unresolved  band.  Furthermore,  the  peak 
intensities  are  affected  by  overlapping  of  rotational  lines  of  neighboring  bands,  by  self-absorption  or  by  self-reversal. 
Moreover,  the  probabilities  of  determining  the  excitation  temperature  from  the  relative  intensities  of  band  heads 
measurements  are  strongly  limited  by  the  scarcity  of  data  on  relative  vibrational  transition  probabilities. 

The  temperature  knowledge  of  a  thermodynamic  or  local  thermodynamic  equilibrium  arc  plasma  containing  CN  molecules 
allows  the  vibrational  and  rotational  energy  levels  to  be  calculated  and  the  relative  vibrational  transition  probabilities  to  be 
derived  from  the  measurement  of  intensities. 

Reciprocally,  such  probabilities  can  be  used  to  determine  the  excitation  temperature. 

The  approximation  taken  into  consideration  for  the  measurements  of  the  relative  band  heads  intensities  leads  us  to  a  correct 

evaluation  of  the  temporal  evolution  of  the  vibrational  excited  states  correlated  with  some  collision  processes  in  LTE 
plasmas. 


*  Correspondence:  Phone  home:  682.57.53 
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2  A  PRACTICAL  RELATIONSfliP  FOR  THE  BAND  HEADS  RELATIVE  INTENSITIES 
DETERMINATION  IN  THE  CASE  OF  AN  INCOMPLETELY  SPECTRAL  RESOLUTION 

As  it  is  known  the  total  relative  intensity  in  emission  of  a  vibrational  band  arising  from  a  vibrational  transition  v’->v"  can 
be  expressed  by: 

/v'v"  “  (1) 

where  is  the  number  of  molecules  in  the  upper  electronic  state  with  the  vibrational  quantum  number  v' ,  i.e.  the  sum  of 
populations  of  all  rotational  levels  associated  with  the  vibrational  level  v',  is  proportional  to  the  vibrational  transition 
probability  v’— >  v"  and  vis  the  frequency  of  the  emitted  radiation. 

In  a  LTE  arc  plasma,  the  relative  values  of  for  different  vibrational  states  are  proportional  to  exp(-  Wy^jkT),  where  W^- 
is  the  energy  of  the  upper  vibrational  state  involved  in  the  transition. 

Thus  the  total  intensity  of  a  band  emitted  in  such  plasma  becomes: 

/yV' 

In  spite  of  the  fact  that  the  equation  (2)  holds  tor  the  total  intensity  of  a  band,  it  can  not  be  used  to  compare  the  peak 
intensities  of  the  unresolved  band  heads,  unless  the  differences  in  the  rotational  structure  of  each  band  are  so  small  to  be 
negligible. 

Such  differences  arise  in  the  variation  from  band  to  band  of  three  factors:  the  intensity  distribution  among  the  rotational 
lines  in  the  band  head,  the  effective  average  rotational  quantum  number  Jh(y’v")  representing  the  lines  blended  in  the  band 
head  peak  and  the  number  of  rotational  lines  AJ  forming  the  head. 

In  this  paper,  an  equation  incorporating  these  factors  is  derived,  relating  the  relative  vibrational  transition  probabilities  to  the 
relative  peak  intensities  of  the  unresolved  heads  of  violet  bands.  We  are  dealing  with  the  violet  band  system,  which  arises 
from  the  [B-S  -  X’Z]  transition,  where  X^Z  is  the  ground  state  of  CN. 

Although  in  this  type  of  transition,  the  rotational  lines  are  doublets,  however  in  CN  molecule  spectra  the  doublet  splitting 
cannot  be  resolved  until  very  high  rotational  quantum  number  are  reached.  It  is  the  reason  why  the  CN  violet  bands  have 
been  cited  as  examples  of  singlet  bands'. 

For  the  low  and  intermediate  values  of  J  the  rotational  lines  of  the  violet  bands  may  be  accurately  represented  by  the 
formula  for  singlet  transitions',  which  in  the  P  branch  (AJ  =  -1)  where  the  heads  of  violet  bands  are  formed,  is: 

V  =  V(J  +  (By'  +  By"  )J  -  (By'  “  By"  )J^  (3) 

where  v,,  is  the  wave  number  of  the  origin  of  the  band.  By'  and  By.  are  the  rotational  constants  associated  with  the  upper 
and  the  lower  vibrational  states,  respectively. 

It  must  be  outlined  that  is  approximately  a  linear  function  of  the  vibrational  quantum  number. 

Under  the  conditions  of  thermal  equilibrium  the  intensities  of  rotational  lines  in  a  P  branch  are  proportional  to: 

Je  =  Je  (4) 

where  JVr  is  the  rotational  energy  of  the  molecule  in  the  upper  electronic  state. 

In  terms  of  the  rotational  quantum  numbers  the  position  of  the  head  of  the  band  J/^(v'v")  is  that  value  of  J  for  which  the 
first  derivative  of  eq.  (3)  with  respect  to  Jis  zero.  Thus: 
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(5) 


uv  t  H  I  M 

—  =  (5^,.  +  )  -  2J{B^,  -  B^.. )  =  0  and 

dJ 

2(£v'-5v") 

are  generally  not  integers  and  are  different  for  each  band  head. 

They  closely  represent  the  average  quantum  number  of  the  lines  forming  the  peak  of  each  band  head. 

Consequently,  if  the  intensities  of  these  fictitious  average  lines  in  different  band  heads  could  be  directly  compared,  they 
would  be  proportional  to:  At’)]. 

In  fact,  what  are  measured  at  the  band  head  are  not  the  intensity  of  a  single  rotational  line  but  the  sum  of  the  intensities  of  a 
number  AJ  of  blended  lines,  which  comprise  the  head.  The  value  of  AJ  for  each  band  must  be  determined. 

If  the  range  of  wave  numbers  over  which  the  rotational  lines  are  added  together  to  form  the  head  is  Av  and  correspondingly 
of  J  values  is  AJ ,  an  equation  relating  Av  and  AJ  may  be  derived  from  eq.  (3)  with  the  aid  of  eq.  (5)  as  follows: 

V  +  Av  =  +  (5y  +  By«){J  +  AJyy.)  -  {By<  -  By«){J  +  Or 

V  +  Av  =  Vo  +  (By.  +  By^)J  -  (By.  >  +  (By.  +  By..)Ajy.y..  -  2(By.  -  By..)j^jy.y..  -  (By.  -  By«W^;.y.  (6) 

Then: 

A  V  =  AJyV.[(B;.  +  By..)  -  2  ■  (By.  -  5;.)j]-  (B'y.  -  By..)A/yi.. 

Replacing  the  value  of  J  with  the  expression  from  eq.  (5),  we  finally  obtain: 


and  consequently: 


Av  =  (5y.  -  B'y.)^jy.y.. 


AJ  ,  „  =  ± 

V  V 


\(By..-By.) 

Our  measurements,  to  be  described  in  the  followings,  were  made  with  a  plane  grating  monochromator  characterized  by  an 
almost  constant  linear  dispersion  in  wavelength  over  the  range  covered  by  the  CN  red  and  violet  bands. 

By  taking  into  consideration  the  relationship: 


Av  AX 

—  = - and  therefore  Av  = 


(consty 


eq.  (8)  becomes: 


A7  ,  „  =  ±- 

^  v'v"  “ 


const  ^ 

~  -T'TTTT'^v'v" 


)  ^(  By,.  -By.)  h(v'v") 

where  Ah(v'v")  is  the  wavelength  of  the  head  of  the  band. 

Therefore  the  number  AJ  affects  the  intensity  of  the  band  head  as  a  statistical  weight,  representing  the  number  of 
unresolved  rotational  lines  involved  in  the  head.  Relative  values  of  AJ  may  be  computed  by  using  eq.  (9). 

The  intensities  of  band  heads  arising  from  a  single  electronic  transition  and  observed  with  a  spectral  instrument  having  a 
constant  dispersion  are  therefore: 

Wy.+w)^y.) 

IvV<^y^RrvJh(^'v")AJy.y..e~  kT  (JO) 


836 


If  we  take  the  transition  probability  of  0^0  band  and  Rio  as  unity,  the  intensity  of  unresolved  head  of  the  v'^v"band 
relative  to  that  of  the  0  ->  0  band  is  given  by: 

/vV  I  Vy'v"  I  Jh(y'^")  ^v'v"  e  kT  (11) 


■‘v'v"  _  "vv  nz  -n\-  /  —  VV  ^ 

•^00  I  ^00  J  ^00 

In  the  terms  of  wavelength  and  with  the  notation  defined  by  eq.  (9)  this  equation  becomes: 


/y'v"  _  f  I  ^2  J;i(v'v")  -Svy  ^  47- 

/OO  U'vJ  % 


where: 


w;(y.)  =  fcB>ft(v'v")[jA(v'v")  +  f] 


Taking  the  common  logarithm  of  both  sides  of  eq.  (1 1)  and  transposing,  we  get: 


By  contracting  the  coefficients  of  constant: 


_[  ho  ]  ^VV 

Uy.yj  ^/,(00)  500 


and  designating  the  net  difference  in  energies  of  the  upper  state  as: 

AIFyV  =  ^  {w,'  +  If'Kv')  -  ^0  -  <(0) ) 
nc 

the  relationship  between  the  logarithms  of  the  relative  vibrational  transition  probabilities  and  the  relative  band  head 
intensities  may  be  written  as: 

Fvv  =  \g(cvv'Rvv')-  Ig^  =  ^  with  (17) 

Values  of  Cy.y-  and  for  the  CN  violet  bands  are  given  by  Acey  et  air. 


The  values  of  the  relative  transition  probabilities  for  [B^Z  -  X^Z]  bands  of  CN  molecule  are  given  in  Tab.  1  ^ 

It  must  be  outlined  that  eq.  (17)  is  valid  when  conditions  of  thermal  equilibrium  exists  between  CN  radicals  and  their 
surroundings.  While  the  electric  arc  plasma  satisfies  these  conditions  to  a  high  degree,  eq.  (17)  cannot  be  applied  to  band 
head  intensities  observed  in  such  a  plasma  until  the  effects  of  overlapping  bands,  self-absorption  and  self-reversal  have 
either  been  eliminated  or  corrected. 
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Tab.  1  Relative  transition  probabilities  ^  for  [B^S  -  X^I]  violet  bands  of  CN  molecule 


V  -v  ” 

i?vV' 

0-1 

4216.0 

0.092 

1-2 

4197.2 

0.133 

2-3 

4181.0 

0.141 

3-4 

4167.8 

0.124 

0-0 

3883.4 

1.000 

1-1 

3871.4 

0.813 

2-2 

3861.9 

0.736 

3-3 

3854.7 

0.732 

4-4 

3850.0 

0.776 

1-0 

3590.4 

0.083 

2-1 

3585.9 

0.165 

3-2 

3583.9 

0.194 

4-3 

3582.5 

0.205 

To  discuss  these  effects  it  is  necessary  to  describe  the  method  used  in  measuring  the  relative  intensities  of  the  bands  in  our 
arc  discharge  plasma. 


3.  EXPERIMENTAL  AND  RESULTS 

The  experimental  set-up  is  represented  in  the  Fig.  1 . 


Fig.  1  Experimental  set-up 
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Fig.  2  The  voltage  oscillogramme  of  an  electric  discharge  which  periodically  transits 
from  a  glow  discharge  in  an  arc  discharge  and  reciprocally  [Meek  J.  M.  and  Craggs  J.D. 
-  Electrical  Breakdown  of  Gases,  Oxford  1953] 


The  operating  parameters  of  the  plasma  generator  were  those  presented  in  Tab.  2  (see  also  ^). 


Tab.l  Operation  parameters  of  the  interrupt  arc  plasma  generator 


Discharge  current  (A) 

2 

4 

Peak  voltage  (V) 

(+)316 

(+)  326 

(-)318 

(-)  330 

Profile  width  (ms) 

10 

10 

Voltage  on  landing  (V) 

50 

50 

Repetition  frequency  (s"') 

90 

100 

The  measurements  of  these  parameters  for  different  discharge  current  values  were  performed  using  a  TEKTRONIKS  TDS  - 
350  oscilloscope.  The  spectra  were  obtained  with  a  ZEISS  SPM  -  2,  600-lines/mm,  plane-grating  monochromator 
characterized  by  a  constant  linear  dispersion  in  the  spectral  range  of  interest  (3500  A  to  4500  A). 

We  have  supposed  for  this  monochromator  a  triangular  slit  function  of  the  form'*: 


v-v'^s  (19) 


and  a  linear  dependency  between  peak  intensity,  half  bandwidth  and  the  slit.  In  the  relationships  (18)  and  (19)  v  is  the 
frequency  on  the  peak  of  the  profile  in  cm'',  y'  is  the  current  frequency  on  the  profile  and  s  is  the  instrumental  slit  width  in 
cm’'. 

The  band  heads  taken  into  consideration  were  those  corresponding  to  the  transitions  Av  =  +1  and  Av  =  -1. 
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The  molecular  spectral  parameters  corresponding  to  these  transitions  Cvv  and  were  taken  from  ^  In  order  to  correlate 
the  band  head  intensities  and  the  vibrational  temperature  with  some  other  plasma  processes,  we  have  recorded  the  temporal 
band  head  profiles  for  these  transitions  using  a  TEKTRONIKS  TDS-320  oscilloscope,  characterized  by  a  100  MHz 
frequency  and  a  time  rise  of  5  ns.  Each  profile  was  averaged  over  256  pulses. 

Because  the  positive  column  plasma  diameter  was  smaller  than  1  mm  and  we  have  used  the  spectral  band  heads  with  the 
terminal  levels  v’=l  and  v’=2  and  not  the  fundamental  vibrational  levels,  the  self-absorption  was  neglected. 

The  values  of  the  peak  intensities  for  the  transitions  of  interest  corresponding  to  three  different  plasma  current  intensities  are 
presented  in  Fig.  3 


Relative  Intensity 

•1  n 


3585  3861  3871  4196  4216 

Wavelength  (A) 


Fig.  3  Values  for  the  peak  intensities. 

In  order  to  reduce  some  possible  intensity  fluctuations  during  the  peak  intensity  measurements,  we  have  used  for 
temperature  measurements  the  temporal  integrated  profiles  i.e.  the  product  between  the  temporal  half  width  of  the  band 
heads  and  their  intensities  (Fig.  4). 


Relative  Enei^  (W  /  Wo) 


0.35 


3585  3861  3871  4196 

Wavelength  (A) 

Fig.  4  Values  for  the  temporal  integrated  profiles 


The  heterochromatic  correction  of  the  band  head  peak  intensities  was  made  using  the  quantum  efficiency  of  the  EMI 
9558QB  photomultiplier  used  to  measure  the  spectra. 

Using  the  experimental  data  and  the  values  of  the  tabulated  coefficients  and  we  have  plotted  Fy,<y,"  as  a 

function  of  ylv'v”  •  This  is  the  known  Ornstein’s  diagram  presented  in  Fig.  5. 


From  the  slope  of  this  curve  we  obtain  an  average  vibrational  temperature  of  6100  K. 

As  we  have  outlined  in  a  previously  published  paper^  the  practical  independence  of  this  temperature  on  the  current 
intensities,  characterizes  a  LIE  arc  plasma.  Nevertheless  the  spectral  lines  intensities  depend  significantly  on  the  current 
values.  In  this  case  the  excitation  of  the  CN  moley:ule  vibrational  levels  is  due  to  the  direct  electron  collision  processes. 

We  have  reported  in  previous  papers  the  presence,  in  the  plasma  spectrum  obtained  in  similar  conditions,  of  an  important 
number  of  Ti  II  spectral  lines  having  the  excitation  energy  in  the  range  of  3.60  to  5.69  eV.  This  means  that  the  energy  of  the 
exciting  particles  is  not  efficient  enough  to  produce  the  CN  molecule  dissociation. 

The  spectral  lines  of  C  and  N  atoms  resulting  from  the  CN  molecule  dissociation  are  not  relevant.  Consequently,  the  electric 
arc  current  in  these  conditions  consists  essentially  of  electrons  and  molecular  ions. 

The  reasonable  temperature  determined  in  LTE  offers  the  possibility  to  make  an  evaluation  of  some  localization  of  the  arc 
plasma  processes*  too. 


4.  CONCLUSIONS 

The  adopted  phenomenological  formula  for  LTE  plasma  temperature  determination  concerning  the  linear  dependency 
between  the  relative  intensities  of  the  incompletely  resolved  molecular  band  heads  and  the  upper  level  energies  of  die 
considered  transitions  has  allowed  us  to  obtain  a  plausible  vibrational  temperature  of  6100  K  by  using  instead  of  relative 
intensities  “classically”  used,  the  relative  values  of  the  temporary  integrated  profiles. 

An  oscilloscope  characterized  by  100  MHz  frequency  band  and  with  a  rise  time  of  5  ns,  adequate  to  obtain  the  temporal 
profiles  of  the  spectral  lines  by  averaging  the  pulse  shape  over  256  pulses  allows  us  to  apply  this  method  in  very  good 
conditions. 
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